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Abstract 
The present thesis deals with the development of novel homogeneous catalysts for the chemical 
valorization of renewable carbon resources such as biomass and carbon dioxide. 
Along these lines, chapter 1 outlines the challenges and chances of homogeneous catalysis in 
implementing these renewables carbon resources as feedstock for the production of commodity chemicals 
and fuels.  
Within this framework, chapter 2 deals with the development and mechanistic understanding of a new 
well-defined hydrogenation catalyst [Ru(Triphos)TMM] I-1 (TMM = Trimethylenemethane, Triphos = 
1,1,1 –Tris(diphenylphosphinomethyl)ethane). This easily accessible precursor is able to activate molecular 
hydrogen to give access to a neutral Ruthenium dihydride complex [H2Ru(Triphos)S] in absence of acid or 
a cationic Ruthenium hydride [HRu(Triphos)(H2)S]+ species in presence of acidic co-catalyst (S = solvent, 
substrate). This tunable activation results in a broad substrate scope and therefore virtually any carboxylic 
and carbonic acid derivative could be hydrogenated to afford the corresponding alcohol and amine 
products with high conversion and selectivity. In view of the targeted application of this system to the 
conversion of renewable carbon feedstock, this versatile reactivity was exploited in the first direct 
homogeneous hydrogenation of CO2 to methanol and amino acids to amino alcohols. Furthermore this 
catalytic system was successfully applied in the first reductive N-methylation of aryl amines employing 
hydrogen and CO2 as C1 synthon. 
Chapter 3 deals with the development new catalytic systems for the depolymerization of lignin, which is 
one of the three main constituents of lignocellulosic plant materials and represents the most abundant 
renewable source for aromatic building blocks. Initially a model based approach was chosen, in which 
potential catalytic systems were tested in the transfer hydrogenolytic cleavage of model compounds 
mimicking the structural motif of the predominant β-O-4 linkage in lignin. In this way, complex 
[Ru(BDEPP)TMM] III-1 (BDEPP = Bis(diphenylphosphinoethyl)phenylphosphine) was found to be an 
efficient catalyst for the selective reductive C-O bond cleavage of 2-phenoxy-1-phenylethanol without any 
external reducing agents. Further studies on 1,3-dilignol model compounds of the β-O-4 linkage led to a 
novel selective C-C bond cleavage protocol promoted by the combination of [HRu(PPh3)3Cl] and Triphos 
or well-defined complex [HRu(Triphos)(CO)Cl] VI-1. Subsequent mechanistic investigations revealed a 
novel dehydrogenative retro-aldol pathway for this transformation. Finally, the developed systems were 
tested on organosolv beechwood lignin and complex [Ru(BDEPP)TMM] III-1 showed high 
depolymerization activity as indicated by 1H-13C-HSQC-NMR, GPC and GCxGC methods. Combination 
of complex III-1 with heterogeneous Raney Nickel then led to a new lignin depolymerization system 
yielding monomeric products with high selectivity and efficiency.   
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Zusammenfassung 
Die vorliegende Arbeit behandelt die Entwicklung neuer homogener Katalysatoren für die stoffliche 
Verwertung von nachhaltigen Rohstoffen wie Biomasse und Kohlenstoffdioxid. 
In diesem Zusammenhang werden in Kapitel 1 das Potential und die Herausforderungen für die 
homogene Katalyse in der Herstellung von Chemikalien und Kraftstoffen auf der Basis von nachhaltigen 
Rohstoffen herausgestellt.  
In Kapitel 2 wird die Entwicklung und mechanistische Aufklärung eines neuen definierten 
Hydrierungskatalysators [Ru(Triphos)TMM] I-1 (TMM = Trimethylenmethan, Triphos = 1,1,1 –
tris(diphenylphosphinomethyl)ethan) behandelt. Dieser leicht zugängliche Komplex ist in der Lage 
molekularen Wasserstoff zu aktivieren und ermöglicht daher sowohl Zugang zu einer neutralen 
Ruthenium Dihydrid Spezies [H2Ru(Triphos)S] (S = Lösungsmittel, Substrat) als auch zu einer 
kationischen Ruthenium Hydrid Spezies [HRu(Triphos)(H2)S]+ in Gegenwart von sauren Additiven. Diese 
flexible Aktivierung hat ein sehr breites Substratspektrum zur Folge, so dass jedes Carbonsäure- und 
Kohlenstoffsäurederivat zu den entsprechenden Produkt Alkoholen und Aminen reduziert werden 
konnte. Im Hinblick auf die beabsichtige Anwendung dieses System zur Umsetzung von erneuerbaren 
Rohstoffen, wurde diese vielseitige Reaktivität ausgenutzt um die erste direkte Reduktion von 
Kohlenstoffdioxid zu Methanol und Aminosäuren zu Aminoalkoholen mit Homogenkatalysatoren zu 
ermöglichen. Darüber hinaus konnte mit diesem katalytischen System erstmals die reduktive N-
Methylierung von aromatischen Aminen mit Wasserstoff und CO2 als C1-Baustein erreicht werden. 
Kapitel 3 behandelt die Entwicklung neuer homogen katalytischer Systeme zur Depolymerisation von 
Lignin, als einer der drei Hauptbestandteile von Lignocellulose-basierter Biomasse und der am besten 
zugängliche nachhaltige Quelle für aromatische Bausteine. Zunächst wurde ein Modell basierter Ansatz 
gewählt, in der mögliche Katalysatorsysteme an Modellkomponenten getestet wurden, die die 
Strukturmerkmale der β-O-4 Verknüpfung in Lignin widerspiegeln. Auf diesem Weg wurde 
[Ru(BDEPP)TMM] III-1 (BDEPP = Bis(diphenylphosphinoethyl)phenylphosphine) Komplex als 
effizienter Katalysator für selektive reduktive Spaltung von 2-Phenoxy-1-phenylethanol identifiziert, in der 
keine externen Reduktionsmittel benötigt werden. Danach führten Studien anhand von 1,3-Dilignol 
Modellkomponenten der β-O-4 Verknüpfung zur Entdeckung einer neuen und selektive C-C 
Bindungsspaltung die durch die Kombination von [HRu(PPh3)3Cl] und Triphos oder Komplex 
[HRu(Triphos)(CO)Cl] VI-1 katalysiert werden konnte. Anschließende mechanistische Untersuchungen 
führten zu der Identifikation eines neuartigen katalytischen Dehydrierungs-Retro-Aldol Mechanismus. 
Abschließend wurden die entwickelten Systeme an Organosolv Buchenholz Lignin getestet. Hier zeigte 
Komplex [Ru(BDEPP)TMM] III-1 hohe Aktivität in der Depolymerisierung, welche durch 1H-13C-
HSQC-NMR, GPC und GCxGC Methoden nachgewiesen werden konnte. Die Kombination von 
Komplex III-1 mit Raney Nickel führte dann zu einem neuen Lignin Depolymerisations Ansatz, welches 
die Gewinnung von monomeren Produkten mit neuer Effizienz und Selektivität ermöglicht. 
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BDO 1,4-butanediol 
bp. boiling point (in °C) 
calc. calculated  
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Corp.  corporation 
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FID flame ionization detector 
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5-HMF 5-hydroxymethylfurfural 
HNTf2 trifluormethanesulfonimide 
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HSQC heteronuclear single quantum coherence 
IA itaconic acid 
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k kinetic rate constant 
kF correction factor (GC) 
LA levulinic Acid 
M-4-HB methyl-4-hydroxybutyrate 
MACHO catalyst [HRu(HN(CH2CH2PPh2)2)(CO)Cl] 
min minutes 
Mio. millions 
Me methyl 
mp melting point 
MSA methanesulfonic acid 
2-MTHF 2-methyltetrahydrofuran 
3-MTHF 3-methyltetrahydrofuran 
Mw molecular weight (in Da or g/mol) 
NHC N-heterocyclic carbene 
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NOESY nuclear overhauser enhancement spectroscopy 
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SiPR 1,3-bis(2,6-diisopropylphenyl)imidazolidene 
p pressure (in bar) 
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p-TsOH para-toluenesulfonic acid 
T temperature (in °C) 
t time 
TDI turn over determining intermediate 
TDTS turn over determining transition state 
TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl 
tert tertiar 
THF tetrahydrofuran 
TMM trimethylenemethane 
TMS tetramethylsilane 
TOF turn over frequency 
TON turn over number 
tret retention time 
WGS water gas shift 
wt% weight percent 
 
Nomenclature for Metal Complexes 
The nomenclature system for metal complexes in this thesis is based on a combined roman and arabic 
numeral system. The roman numerals indicate the different complex species. The roman numeral stays the 
same if the complex is directly formed from a previously numbered complex under catalytic conditions or 
is a direct derivative of this complex. In these cases the complexes are distinguished by the arabic number. 
Abbreviation Complex 
  
I-1 [Ru(Triphos)TMM] 
I-2 [H2Ru(Triphos)S]; S = solvent or substrate 
I-2-Me2PPh [H2Ru(Triphos)Me2PPh] 
I-2-PPh3 [H2Ru(Triphos)PPh3] 
I-3 [H2Ru(Triphos)(CO)] 
I-4 [Ru(Triphos)(μ-H)]2 
I-5 [HRu(Triphos)(μ-H)]2 
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VI-1 [HRu(Triphos)(CO)Cl] 
VII-1 [Ru(Triphos)(μ-Cl)3Ru(Triphos)]Cl 
VIII-1 [Ru(Triphos)(O2C18H17)]Cl 
VIII-2 [Ru(Triphos)(O2C9H7)]Cl 
IX-1 [Ir(PCy3)2(CO)Cl] 
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1. Catalytic Valorization of Renewable Carbon Resources 
Since the industrial revolution in the 1860’s, the majority of commodity chemicals and transportation fuels 
have been produced on the basis of fossil carbon feedstock such as oil, coal and natural gas because they 
provide easy and cheap access to hydrocarbons, which serve as simple precursors to organic products.[1] 
To date the portfolio of products available from these raw materials covers the whole range of molecular 
complexity from simple hydrocarbon fuels to functional polymers and pharmaceuticals with multiple 
stereogenic centers, contributing to our high living quality standards. One of the key technologies enabling 
this enormous product diversity is the catalytic conversion of the hydrocarbon feeds and the development 
in this field has yielded a large toolbox of transformations with high chemo- and stereoselectivity.[2] 
However, in light of the estimated depletion of these fossil carbon resources in the next 30 – 40 years[3] as 
well as the concomitant climate issues[4] an implementation of renewable carbon sources such as biomass 
and greenhouse gas carbon dioxide as the basis for sustainable chemical manufacturing is required.[5] 
Naturally, this switch of the feedstock also implies a re-routing of the established synthesis pathways and 
therefore creates new fundamental challenges requiring innovative catalytic tools (scheme 1). 
 
 
Scheme 1. Renewable carbon resources as alternative to fossil hydrocarbon feedstock for the production of 
commodity chemicals and fuels. 
As shown in scheme 1, the conceptual approach for the valorization of the fossil carbon feedstock is 
based on a stepwise functionalization of the hydrocarbon precursors to functional intermediates, which 
then are further processed to their individual products. On a molecular level, these steps mainly involve 
bond forming processes in order to build bigger structures or add functionality to the hydrocarbon 
precursors.[6]  
In the case of biomass materials, the feedstock is composed of highly functionalized polymeric materials 
instead of simple hydrocarbons. Therefore the main objective changes from forming bonds to breaking 
bonds, in order to disrupt the macromolecular network and to convert the polymeric structures to 
molecular intermediates. These platform chemicals can then serve as the basis for further transformation 
to the respective products. In this regard, catalytic defunctionalisation methodologies play an important 
role in order to tailor the functionalization of the platform molecules to meet the demand of the 
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respective application. As depicted in scheme 1, the platform chemicals from biomass can also enter into 
existing production routes.[7]  
In addition to biomass-derived materials, carbon dioxide represents an important and abundant waste 
stream carbon resource.[8] Carbon dioxide can be considered as renewable carbon feedstock because it 
represents the fundamental starting material for the production of carbohydrate based materials through 
photosynthesis. Moreover, the role of carbon dioxide as greenhouse gas promoting the global warming 
effect, renders its consumption and use as raw material for the production of fuels and chemicals an 
desirable and sustainable approach.[4] In contrast to the polymeric biomass feedstock, carbon dioxide is an 
unreactive molecular substrate and therefore the primary challenge is to fixate and activate CO2 in order to 
enable further chemical transformation. In this way a versatile follow-up chemistry based on the carbonic 
acid derivatives is available leading to the implementation of carbon dioxide as C1 building block.[8-9] 
To outline how these general challenges translate to scientific objectives on the molecular level, three 
selected examples for the conversion of renewable carbon resources of this work are discussed.  
Along this line, the major part of biomass plant material is based on carbohydrates, therefore the first 
example is the conversion of sugar derived platform chemical levulinic acid (LA) to 1,5-pentanediol (1,5-
PDO).[10] 
 
 
Scheme 2. Examples for conversion of renewable carbon based substrates. 
As depicted in scheme 2, a formal conversion of LA to 1,5-PDO requires a hydrogenolysis of the C=O 
bond of the carboxylic acid function as well as a reduction of the keto group to give the desired diol 
product. These sequential hydrogenation/hydrogenolysis steps require a total of two hydrogen 
equivalents.  
As a next example the redox neutral cleavage of 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)-l,3-
propanediol is shown in scheme 2.[11] This transformation is relevant for the conversion of biomass 
materials, because the structural motif of this 1,3-dilignol represents the most abundant linkage structure 
of lignin, which is one of the main constituents of lignocellulosic biomass.[12] As shown in scheme 2, this 
transformation involves a dehydrogenation of the secondary hydroxyl function. The corresponding 
hydrogen equivalent is then used to furnish the hydrogenolysis of the C-C bond. In this way the β-O-4 
linkage structure can be disintegrated without the use of external reagents.[9a] 
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As a last example the conversion of CO2 to methanol is depicted in scheme 2.[5b, 13] The initial step is the 
hydrogenation of carbon dioxide to formic acid.[9b] Then formal hydrogenolysis of the hydroxyl group 
gives formaldehyde, which is subsequently hydrogenated two methanol in a final step thereby consuming 
three equivalents of hydrogen in the overall conversion.  
Comparing these three examples indicates that the targeted conversions have the common motif, that they 
require a multistep conversion based on a combination of sequential bond cleavage, hydrogenation and 
hydrogenolysis steps. It is important to note, that the catalytic conversion of carbon dioxide and bio-
renewables is not of course limited to these tandem hydrogen transfer / bond activation reaction 
sequences, but this multi-step approach will be an important guideline for the development of suitable 
valorization approaches.[9c, 14] 
 
2. Chances and Challenges for Homogenous Catalysis in the Conversion of 
Renewable Carbon Resources 
For the past decade the field of homogeneous catalysis has been dominated by methodologies designed to 
functionalize molecules, such as cross coupling or C-H activation. This focus originates from the 
challenge to convert the hydrocarbon feeds of the fossil carbon resources to functionalized products (see 
scheme 1). These efforts have yielded an enormous portfolio of specialized catalytic tools for the 
individual process steps.[2] However, the targeted gradual switch to use carbon dioxide and biomass as 
feedstock for the production of fuels and commodity chemicals creates new challenges for the design of 
suitable homogeneous catalytic systems.  
As outlined in the previous chapter, the utilization of renewable carbon sources requires development of 
catalysts able to perform multi-step transformations involving selective bond activation and hydrogen 
transfer. In this regard, homogeneous catalysis has great potential, since there has been enormous 
development in the field of carbon hetero bond activation including C-O,[15] C-C[16] and C-N[17] bonds, 
which are prominent in compounds derived from renewable carbon sources.  
Furthermore, the inter- and intramolecular transfer of hydrogen equivalents with homogeneous systems is 
well studied.[18] Therefore the challenge addressed in this thesis is the combination of these activities into 
one catalyst species or indeed a multi catalyst system, in order to achieve the required multi-step 
transformation (see scheme 3). 
 
 
Scheme 3. Combining catalytic bond activation and hydrogenation into multistep catalysis. 
The approach of multi-step conversions is inspired by nature, where efficient multi step synthesis is 
achieved by cascade enzyme catalysis. The potential of these conversions has already been recognized for 
the production of fine chemicals in order to render classic organic synthesis approaches more efficient and 
sustainable.[19] Further to mimic nature’s efficiency efforts to develop cooperative multi catalyst systems 
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have been put forward.[20] Along this line, the motivation of this thesis will be to investigate and develop 
potential multi step catalysis approaches for the conversion of renewable carbon feedstock. 
In this regard, an important feature of homogeneous systems is that they exhibit defined molecular 
structures and that the corresponding reactions are conducted in solution. This renders the 
characterization of potential intermediates and subsequent mechanistic investigations much more 
accessible when compared to heterogeneous catalytic systems. These mechanistic studies will be an 
essential tool in developing suitable catalyst candidates, because there is currently scarce understanding of 
multi-step conversions governed by homogeneous catalysts.  
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3. Main objective 
In summary the overall scientific motivation of this thesis is to contribute to the development of new 
catalysts able to promote multistep hydrogenation and hydrogenolysis reactions. These catalysts will then 
be studied with regard to their potential in the catalytic valorization of renewable carbon sources. 
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1 Introduction 
1.1 Motivation and Background 
The catalytic hydrogenation of unsaturated functionalities is one of the most important tools of modern 
chemical synthesis. Since its beginning this field has seen an enormous development yielding numerous 
catalytic systems for the hydrogenation of C=C, C=O and C=N bonds with high chemo- and 
stereoselectivity.[1] Recent achievements in this field range from catalyst employing earth abundant metals 
(Fe, Co)[2] to metal-free methodologies based on main group elements (Frustrated Lewis Pairs).[3] Despite 
these advances, the selective hydrogenation of more challenging carbonyl functionalities such as 
carboxylic acid and carbonic acid derivatives to their respective alcohols and amines with equal selectivity 
control still remains challenging (see figure 1).[4]  
 
 
Figure 1. Hydrogenation of carboxylic- and carbonic acid derivatives. 
On the basis of figure 1, it becomes apparent why the hydrogenation of carboxylic and carbonic acid 
derivatives is more demanding than the reduction of simple C=X moeties.1 Where the reduction of 
ketones to alcohols just involves a transfer of one hydrogen equivalent to the C=O bond, hydrogenation 
of ester derivatives requires an additional hydrogenolysis step to furnish the desired alcohol products. 
Along the same line, hydrogenation of carbonate derivatives to alcohols requires two C-O bond 
hydrogenolysis steps. The additional C-O and C-N hydrogenolysis steps render the transformations 
depicted in figure 1 challenging, because potential catalyst have to promote bond activation as well as the 
transfer of the hydrogen equivalent. While these transformations are very useful for the production of fine 
chemicals[5] and pharmaceuticals[6] in general, they are of vital importance in order to establish new 
production routes starting from renewable resources such as highly functionalized biomass[7] and carbon 
dioxide.[8] In order to cope with the challenge these substrates impose, new selective, versatile and stable 
catalytic systems need to be developed. 
                                                          
1 X stands for a heteroatom e.g. O, S or N 
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1.2 State of the Art 
1.2.1 Catalytic Homogeneous Hydrogenation of Carboxylic acid Derivatives: Mechanistic 
Considerations 
In order to design a new catalytic system for the reduction of challenging carbonyl functionalities, the 
mechanistic principles need to be considered.[9] A central step of every catalytic hydrogenation is the 
activation of hydrogen trough cleavage of the H-H bond. Scheme 1 shows four general pathways of 
activating hydrogen at a metal center (M). 
 
 
Scheme 1. Pathways for hydrogen activation.[9] 
Firstly, two modes of hydrogen cleavage need to be distinguished: homolytic (a) and heterolytic (b and c). 
While homolytic cleavage of the H2 molecule (a) formally yields two hydrogen radicals, which are 
subsequently converted to hydrides at the metal center through oxidative addition, heterolytic cleavage 
gives one metal hydride and one proton equivalent. The latter can be mediated by an external base (B), 
which scavenges the proton (b). On the other hand, the proton can also be transferred to a basic ligand L 
in the coordination sphere of the metal complex (c). An important fact to bear in mind at this point is 
that, while homolytic activation of hydrogen requires two open coordination sites at the metal center, 
heterolytic activation just requires one.  
Once the hydrogen is activated at the metal center, one hydrogen equivalent needs to be transferred to the 
carbonyl function. This always involves the transfer of one hydride and one proton (scheme 2). In this 
respect, the inner sphere mechanism of a “classic hydrogenation” (d) features coordination of the 
carbonyl oxygen, transfer of one hydride to the carbonyl carbon and finally giving the product by 
reductive elimination. On the other hand, in the ionic hydrogenation (e) one proton is initially transferred 
to the carbonyl oxygen forming an ion pair between the protonated ketone and the negatively charged 
metal complex. Subsequent transfer of one hydride to the carbonyl carbon gives the product alcohol. 
Ionic hydrogenation is an outer sphere mechanism, where the substrate does not coordinate directly to the 
metal center. In both mechanisms the hydride and the proton have been transferred directly from the 
metal center to the substrate. This is in contrast to the cooperative ligand hydrogenation mechanism 
(f and g), where the proton is transferred from the ligand to the carbonyl oxygen, while the hydride is 
again transferred from the metal center to the carbonyl carbon. This cooperative transfer of the hydrogen 
equivalent can follow a consecutive inner-sphere (f) or a concerted outer-sphere mechanism (g).  
Taking these considerations into account, it becomes clear, why carboxylic acid derivatives and carbonic 
acid derivatives are considered challenging. The adjacent –NR and –OR groups make the carbonyl C=O 
bond less electrophilic and therefore less reactive. Furthermore after the carbonyl functionality of these 
compounds has been hydrogenated, C-O and C-N bond cleavages need to take place in order to afford 
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the conversion to the desired alcohols and amines as final products. And while the hydrogen transfer to 
the carbonyl function is well studied, mechanistic studies on these cleavage reactions are rather scarce.[10] 
 
Scheme 2. Pathways for hydrogen transfer to carbonyl functionalities. 
In order to cope with the lower electrophilicity of the carbonyl functionality potential catalysts need to 
exhibit high hydridicity as well as supply an acidic proton within the coordination sphere. More over 
potential catalyst candidates require a tightly bound ligand backbone in order to be stable under forcing 
conditions required for the necessary hydrogenolysis steps. In addition, a rigid coordination mode of the 
ligand backbone limits possible coordination sites of the substrate and therefore induces potential 
selectivity. 
 
1.2.2 Catalytic Systems for the Hydrogenation of Carboxylic Functionalities: Esters, Amides and 
Acids 
With these requirements in mind, it is not surprising, that the field of catalytic hydrogenation of carboxylic 
acid derivatives is dominated by complexes with ligands that exhibit a) a polydentate binding mode and 
b) are able to shuttle protons through the ligand backbone (cooperative ligands).[4, 11] In this regard, 
Milstein revolutionized the field of efficient ester hydrogenation by introducing PNN pincer complexes 
enabling ligand cooperation through de- and rearomatization of the pyridine backbone.[12] Along the same 
line, in 2007 Saudan et al. reported Noyori type P,P,N,N ligand systems for the chemo selective 
hydrogenation of esters with high efficiency.[5] On the other hand, Morris afforded ligand cooperativity by 
employing a NHC ligand with an anchoring –NH2 group.[13] Another class of suitable ligand class is the 
R2P(CH2)2N(CH2)2PR2 pincer system introduced by Fryzuk, who incidentally also was one of the first to 
observe cooperative hydrogen activation.[14] In this regard, MACHO complex 
[HRu(HN(CH2)2PPh2)2)(CO)Cl] patented by the Kuriyama et al. of the  Takasago Corp. proved to be 
active for a broad range of ester functionalities[15] and later was also used for the hydrogenation di- and 
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fluorinated esters.[16] Gusev further developed this system by replacing the phosphor donor atoms in the 
ligand backbone with sulfur achieving high catalytic turnovers.[17]  
While catalytic ester hydrogenation was pioneered in 1984 by Piacenti employing Ruthenium cluster 
[H4Ru4(CO)8(PBu3)4],[18] the first report of homogeneous catalytic hydrogenation of uncativated esters was 
published in 1998 by Elsevier.[19] It comprises an in situ system of [Ru(acac)3] precursor and tridentate 
ligand Triphos (1,1,1-Tris(diphenylphosphinomethyl)ethane). In contrast to the previously discussed 
ligand systems, it has not been shown that Triphos exhibits the ability to shuttle protons through the 
ligand backbone. However, a shuttle of protons via decoordination of one phosphine arm or 
deprotonation of the CH2 group could be envisaged.[20] The system applied by Elsevier required acidic 
solvent trifluoroisopropyl alcohol and excess of triethylamine (NEt3) as base in order to be active.[19a]  
 
Scheme 3. Selected catalyst for hydrogenation of carboxylic acid derivatives. 
In case of carboxamide substrates similar catalytic systems have been shown to be active. However, there 
are fewer examples of catalytic amide hydrogenation, which is probably due to the lesser reactivity of 
amides when compared to esters. In this regard, a modified PNN Pincer system by Milstein afforded the 
hydrogenation of amides to primary amines and the corresponding alcohols with high chemoselectivity.[21] 
On the other hand Bergens and co-workers reported a cationic Ruthenium complex featuring the Noyori 
type ligand system.[22] Likewise, the Cp*Ru system with an anchoring –NH2 group has proven effective for 
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the reduction of a range of aliphatic and cyclic amides.[23] Recently, Cole-Hamilton and co-workers used 
the in situ system of [Ru(acac)3] and Triphos together with methanesulfonic acid (MSA) as acidic additive 
to hydrogenate amides at high temperatures.[24]  
In contrast to the advances in the field of catalytic ester and amide hydrogenation, there are no examples 
of catalytic carboxylic acids hydrogenation with cooperative ligand systems. This is probably due to 
deactivation of the proton shuttle mechanism via protonation of the basic functionalities in the ligand 
backbone by the acidic substrate thereby inhibiting the cooperative reactivity.[25] However, there are scarce 
examples of homogeneous hydrogenation of carboxylic acids. An early report by Bianchi in 1980 shows 
the activity of Ruthenium cluster [H4Ru4(CO)8(PBu3)4] for the hydrogenation of aliphatic carboxylic acids 
and anhydrides albeit with low conversions.[26] Subsequently S. Crabtree used the afore mentioned 
[Ru(acac)3] / Triphos combination to hydrogenate carboxylic acids such as maleic and propionic acid.[27] 
This system was further developed by Leitner, Klankermayer and co-workers in 2010. They reported the 
selective and versatile conversion of biomass platform molecules levulinic and itaconic acid to the 
respective ethers 2-MTHF and 3-MTHF through sequential hydrogenation and dehydration steps. A key 
feature of this work is that the product selectivity could be finely tuned by the choice of the applied 
additives (e.g. p-TsOH, NH4PF6 see scheme 4).[28] Apart from these Ruthenium based systems Goldberg 
and co-workers recently showed the activity of Cp* Iridium and Rhodium complexes in the catalytic 
hydrogenation of acids and subsequent esterification.[29]  
 
 
Scheme 4. Hydrogenation of levulinic acid (LA) to 2-methyltetrahydrofuran (2-MTHF) by [Ru(acac)3] and 
Triphos.[28]  
Taking all these results into consideration shows that, while the Ruthenium Triphos system does not 
exhibit obvious ligand cooperativity, it is the only system, which is active for esters, amides as well as 
acids. In addition, it features a remarkable tolerance to high temperatures and water. These characteristics 
render this catalytic system a viable platform to design a versatile hydrogenation catalyst to promote the 
targeted conversion of renewable carbon resources. 
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1.2.3 Catalytic Systems for the Hydrogenation of Carbonic acid Derivatives: Formates, 
Carbonates, Carbamate and Urea 
In view of the targeted valorization of alternative carbon resources, the conversion of carbonic acid 
derivatives is very important, because it could potentially pave the way for the production of fuels and 
chemicals based on carbon dioxide.[8, 30] However, in comparison to the number of reports on catalytic 
ester and amide hydrogenation, reports on the conversion of their carbonic acid analogues are rather 
scarce. Prominent among these few examples are again the PNN Ruthenium pincer systems by Milstein. 
They promote the reduction of formates, carbonates, carbamates[31] and even urea derivatives (scheme 
5).[32] However, it is important to note that these systems were not successful in the presence of CO2, due 
to deactivation of the de-aromatization/re-aromatization mechanism of the ligand backbone.[33] More 
recently, Ding et al. reported the activity of the MACHO catalyst of the Takasago Corp. for the 
hydrogenation of cyclic carbonates, which can be easily formed from CO2 and epoxides.[34]  
 
 
Scheme 5. Catalyst for hydrogenation of carbonic acid derivatives. 
 
1.3 Challenge and Approach 
As reviewed in chapter 1.2, the most versatile candidates of the state of the art hydrogenation catalysts are 
the PNN Ruthenium pincer system by Milstein and the Ruthenium Triphos in situ system. The latter has 
the advantage of being able to hydrogenate acidic substrates as well as to promote multi-step 
transformations.[28, 35] On the other hand, these reported in situ systems require a specific set of additives 
for each substrate class in order to be active, which limits the catalytic efficiency, substrate scope and the 
overall applicability.[19a, 24, 28] Therefore the challenge of this chapter was to develop a well-defined 
Ruthenium Triphos complex that is able to hydrogenate virtually any carboxylic acid and carbonic acid 
derivative. In order to get an idea, which precursor would be suitable to fulfill these ambitious 
requirements, the required active species needs to be considered (scheme 6). In this respect, Leitner and 
co-workers have studied the mechanism of the levulinic and itaconic acid hydrogenation with 
[Ru(acac)3] / Triphos system by a combination of DFT studies and experimental methods.[36] 
 
Scheme 6. Cationic Ruthenium Triphos hydride complex and neutral Ruthenium pincer dihydride complex 
(S = solvent). 
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These studies identified that cationic Ruthenium Triphos hydride complex serves as active species 
(scheme 6). Along these lines, tripodal Bis(diphenylphosphinoethyl)phenylphosphine) (BDEPP) 
derivatives of the cationic Ruthenium hydride complex, where S is carbon monoxide or a monodentate 
phosphine ligand, have been reported by Crabtree.[37] As depicted in scheme 6, the cationic Triphos 
complex exhibits a free coordination site (occupied by solvent molecule S) to afford substrate 
coordination. In line with the mechanistic considerations discussed in chapter 1.2 it exhibits a hydride at 
the metal center as well as an acidic proton at the coordinated di-hydrogen molecule (highlighted in red, 
scheme 6).[38] A similar situation is found for the neutral (PNN)Ru dihydride carbonyl complex, which has 
been proposed as active species in the Milstein systems, containing a hydride at the Ruthenium(II) metal 
center and an acidic proton at the CH2 bridge of the pincer ligand (highlighted in red, scheme 6).[12, 31]  
Bearing this in mind, a suitable Ru-Triphors precursor should give access to well-defined Ruthenium 
Triphos hydride species similar to the one observed by Klankermayer, Leitner and co-workers 
(scheme 6).[36, 39]  
In this respect, Bianchini as one of the pioneers of Triphos coordination chemistry[40] reported the 
synthesis of [H3Rh(Triphos)] based on the hydrogenation of ethylene precursor [HRh(Triphos)(C2H4)]. 
Subsequent protonation of the hydride complex with a non-coordinating acid then yielded a cationic 
Rhodium complex exhibiting a non classical hydride (scheme 7).[41]  
 
 
Scheme 7. Routes to defined Rh Triphos and Ru Triphos hydride species. Counteranions are omitted for clarity.[41a] 
Following this principle, the reaction of a Ruthenium Triphos olefin complex with hydrogen in presence 
of acid could potentially lead to the cationic hydride complex observed by Geilen et al.[36] Furthermore, in 
analogy to the reactivity of the Rhodium complexes the formation of a neutral Ru-Triphos dihydride 
complex can be envisaged by carrying out the reaction in absence of an acid (scheme 7). 
Therefore the initial step of this work was to find a suitable Ruthenium Triphos precursor able to give 
access to well-defined hydride species. Successful canidates will then be tested as catalysts for the catalytic 
hydrogenation of carboxylic and carbonic acid derivatives. 
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2 Results and Discussion 
2.1. Synthesis and Structure of Ruthenium Trimethylenemethane Complexes 
In the course of finding a suitable Ruthenium Triphos alkene precursor the use of [Ru(COD)(methallyl)2] 
in combination with the Triphos ligand to form a [Ru(Triphos)(methallyl)2] species was envisaged. The 
rational of this approach was that the combination of bidentate phosphorous ligands (PP) in combination 
with [Ru(COD)(methallyl)2] yields well-defined [Ru(PP)(methallyl)2] complexes.[42]  
Thus [Ru(COD)(methallyl)2] was treated with Triphos in toluene at 80°C for 2 h (scheme 8).  
 
 
Scheme 8. Formation of complex [Ru(Triphos)TMM] I-1 from the reaction of [Ru(COD)(methallyl)2] with Triphos. 
 
Analysis of the reaction solution with 31P-NMR revealed formation of complex II-1, which could be 
identified by characteristic signals: II-1 δ = 40.4 (s, 2P) ppm and δ = -26.2 (s, 1P) ppm. The latter signal 
clearly indicates that only two of the three phosphorous atoms coordinate to the metal center. In order to 
furnish coordination of all phosphorous atoms the reaction solutions was heated to 110 °C for 2 h. The 
respective 31P-NMR spectrum just showed one singlet at δ = 35.3 ppm indicating that all phosphorous 
atoms coordinate. The singlet further indicates that the complex is highly symmetric and that all three P 
atoms are magnetically equivalent. After careful analysis with correlation NMR methods this species could 
be identified as [Ru(Triphos)TMM] I-1 (TMM = trimethylenemethane). This indicates that the two 
methallyl groups of II-1 disproportionate to give the trimethylenemethane (TMM) fragment and 
isobutene, which could be clearly identified in the corresponding 1H-NMR and 13C-NMR spectra (1H-
NMR (600 MHz, 25°C, d8-toluene, TMS): δ 4.71 (sept, J = 1.2 Hz, 2H, CH2), 1.59 (t, J = 1.2 Hz, 6H, 
CH3) ppm. 13C-NMR (150 MHz, 25°C, d8-toluene, TMS): δ 141.8, 111.1, 24.0 ppm). 
Ruthenium trimethylene complexes have been reported in literature, but they usually require tedious 
synthesis routes.[43] This straightforward synthesis therefore represents a convenient alternative. 
Interestingly, Iron Triphos trimethylenemethane complexes have been synthesized by Dixneuf et al. as 
early as 1988. In this work, the TMM unit is formed from Grignard reagents based on 1-chloro-2-
chloromethyl-2-propene.[44] The isolation of I-1 was straightforward and single crystals were obtained by 
layering a toluene solution with pentane (figure 2). 
As depicted in figure 2, I-1 has a highly symmetric structure, which is in line with the NMR data. Complex 
I-1 exhibits a three legged piano stool geometry with the TMM unit coordinating in an η4-fashion. The 
TMM unit is slightly bent with Ru-C4-C1, Ru-C4-C2 and Ru-C4-C3 angles of 77°. Furthermore in 
consistence with the structure of [(PMe3)3FeTMM]CF3SO3[44] the Ru-C4 distance (2.073 Å) is considerable 
shorter than the Ru-C1 (2.242 Å), Ru-C2 (2.248 Å) and Ru-C3 (2.240Å) distance. The high symmetry of 
complex I-1 is also mirrored in the C1-C4-C3, C1-C4-C2 and C3-C4-C2 angles of 115° accounting for the 
almost trigonal planar geometry of the TMM unit. In addition, the P-Ru-P angles are very uniform.  
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Figure 2. Crystal structure of [Ru(Triphos)TMM] I-1 (hydrogen atoms are omitted for clarity). 
 
In analogy, when [Ru(COD)(methallyl)2] was treated with tripodal ligand BDEPP under identical reaction 
conditions, [Ru(BDEPP)TMM] III-1 was isolated in 82% yield. The crystal structure is depicted in figure 
3. The structure of III-1 also exhibits a three legged piano stool geometry and the Ru-C35 (2.056 Å), Ru-
C38 (2.253 Å), Ru-C37 (2.206 Å) and Ru-C36 (2.219 Å) distances are very similar to the ones of I-1. 
Consequently, the TMM unit in III-1 also exhibts a slightly bend trigonal planar geometry as evidenced by 
the angles between the CH2 groups of 115°. On the other hand, the P-Ru-P angles of III-1 are not as 
uniform as the ones of I-1. This is plausible because unlike the phosphorous atoms in I-1 the P-atoms in 
III-1 exhibit different electronic properties. 
In an independent study by Gade et al., a similar synthesis route was used to synthesize derivatives of these 
Ru-TMM complexes with N-based tripodal ligands.[45]  
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Figure 3. Crystal structure of [Ru(BDEPP)TMM] III-1 (hydrogen atoms are omitted for clarity). 
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2.2. Catalytic Hydrogenation of Carboxylic acid Derivatives with Ruthenium 
Trimethylenemethane Complexes 
2.2.1 Catalytic Hydrogenation of Carboxylic Esters 
2.2.1.1 Catalytic Hydrogenation of Methylbenzoat  
Having the isolated [Ru(Triphos)TMM] I-1 complex at hand, we wanted to probe its activity in the 
catalytic hydrogenation of esters. As a typical benchmark substrate methylbenzoate was chosen (see table 
1). Furthermore Dixneuf and co-workers have shown that the Trimethylenemethane unit can be 
protonated by acids, therefore catalytic amounts of acid co-catalyst were assessed in order to promote a 
potential activation of I-1.[44]  
 
Table 1. Hydrogenation of methylbenzoate with I-1.
[a] 
 
Entry Catalyst Additive Eq.
[b]
 Benzylalcohol 
    [%] 
1
[c]
 [Ru(acac)3] /Triphos 
p-TsOH 
NH4PF6 
10 0 
2 I-1 p-TsOH 10 0 
3 I-1 p-TsOH 1.5 57 
4 I-1 MSA 1.5 4 
5 I-1 HNTf2 1.5 12
[d]
 
6 I-1 -  98 
[a] Reaction conditions: 1 mmol methyl benzoate, 0.01 mmol catalyst, 1 mL dioxane, 
140 °C, 50 bar H2, 16 h. Yield determined by GC chromatography using n-dodecane as 
internal standard. [b] in reference to I-1 [c] 0.01 mmol [Ru(acac)3] and 0.02 mmol Triphos 
[d] 75% conversion was observed. Methylbenzylether and Dibenzylether were observed 
as by-products. 
 
Initially, the standard reactions conditions of the levulinic acid hydrogenation with [Ru(acac)3] and Triphos 
were applied as a reference point. As shown in table 1, no conversion of methyl benzoate was 
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observed (entry 1). Likewise, no reaction took place in presence of 1 mol% I-1 and 10 mol% of p-TsOH 
(entry 2). On the other hand, reducing the amount of acid to 1.5 mol% resulted in 57 % yield of 
benzylalcohol (entry 3). Conversely, running the reaction with methanesulfonic acid as additive diminished 
the yield to 4 % (entry 4). This indicates that the system is very sensible to the nature and acidity of the 
acid. The use of non-coordinating acid bis(trifluoromethane)sulfonimide (HNTf2) as additive yielded 12 % 
of benzylalcohol along with 41 % methylbenzylether and 12 % dibenzylether (entry 5). Finally, running 
the reaction without any additive resulted full conversion of methylbenzoate and afforded benzylalcohol 
in 98% yield (entry 6). These results suggest that an acid free protocol is the most suitable for the 
hydrogenation of esters with I-1.  
In order to understand the effect of the acid more fully, different amounts of HNTf2 were employed in 
the catalytic hydrogenation of methylbenzoate (table 2). 
 
Table 2. Influence of HNTf2 as additive on the catalytic hydrogenation of 
methylbenzoate with I-1.
[a] 
 
Entry HNTf2 Conversion
[c]
 Selectivity 
   
Benzyl 
alcohol 
Methylbenzylether Dibenzylether
[d]
 
 [eq.]
[b]
 [%] [%] [%] [%] 
1 0.5 94 24 50 26 
2 1 89 31 39 30 
3 1.5 75 14
[
 54 32 
4 3 27 11 83 6 
[a] Reaction conditions: 1 mmol methyl benzoate, 0.01 mmol I-1, 1 mL dioxane, 140 °C, 
50 bar H2, 16 h. Yield determined by GC chromatography using n-dodecane as internal 
standard. [b] in reference to I-1 [c] Conversion is given as sum of detected products. [d] 
Takes into account that 2 mol of methylbenzoate per mol of dibenzylether need to be 
consumed. 
 
As shown in table 2, using 0.5 eq of HNTf2 resulted in 94 % conversion and 24 % selectivity towards 
benzyl alcohol (entry 1). Increasing the amount of acid to 1 eq. lowered the conversion to 89% (entry 2). 
A further increase of acid loading to 1.5 and 3 eq. HNTf2 also gave a further decrease of conversion and 
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benzyl alcohol selectivity (entries 3 and 4). The results of table 2 are in agreement with previous results, 
indicating that the activity of I-1 in the catalytic ester hydrogenation decreases with increased acid loading. 
It is important to note however, that while excess of coordinating acids (p-TsOH and MSA) shuts down 
reaction completely, non-coordinating HNTf2 still allows conversion of methylbenzoate, abeit with 
diminished selectivity due to pronounced etherification of the products. This different effect of the acids 
could be explained by competition of the coordinating acid anions with the substrate for free coordination 
sites at the catalyst.  
As the catalytic system was most efficient and selective in absence of acid, this suggests that hydrogen can 
can protonate the TMM unit of I-1 in order to form an active hydride species as envisaged. Therefore the 
reaction of I-1 with hydrogen was studied via 31P-NMR in d8-THF (figure 4 a).  
 
 
Figure 4. Reaction of I-1 with hydrogen and carbon monoxide monitored by 31P-NMR.2 
Thus when I-1 was reacted with 45 bar hydrogen at 140 °C for 14 h, four major species where observed 
(figure 4 a). As depicted in figure 4, the major species was unreacted precursor I-1 indicated by the 
characteristic singlet at δ = 33.4 ppm. On the other hand, a sharp singlet at δ = 42.1 ppm could be 
assigned to dimeric Ruthenium(I) complex [Ru(Triphos)(μ-H)]2 I-4 as a by-product.[24] In addition, two 
broad singlets at δ = 38.0 ppm and δ = 43.7 ppm were observed. These were tentatively assigned to 
Ruthenium(II)diyhdride [H2Ru(Triphos)(THF)] I-2[46] and the corresponding dimer [HRu(Triphos)(μ-H)]2 
                                                          
2 These results were obtained in course of the master thesis of D. Limper 
b) after addition of 9 bar CO 
a) reaction of I-1 with 45 bar hydrogen at 140 °C 
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I-5, both complexes were previously reported by Bianchini.[39] In this study these complexes were trapped 
by reacting them with carbon monoxide to form the stable carbonyl complex [H2Ru(Triphos)(CO)] I-3.[47] 
Therefore the reaction solution was treated with 9 bar CO and analyzed by 31P-NMR. As shown in figure 
4 b, both signals of I-2 and I-5 disappear, while the characteristic triplet at δ = 34.4 ppm and the 
corresponding doublet at δ = 25.9 ppm of I-3 could be observed. These studies indicate that the reaction 
of I-1 with hydrogen gives access to a neutral Ruthenium dihydride species I-2, which potentially could 
serve as an active species in the hydrogenation of methylbenzoate. On the other hand this activation is 
slow and not selective forming I-4 and I-5 as by-products. 
Another approach to trap I-2 was attempted by reacting I-1 with hydrogen in presence of an excess of 
monodentate phosphine ligand dimethylphenylphosphine (Me2PPh) in order to stabilize the five-fold 
coordination of the [H2Ru(Triphos)] moiety (scheme 9).  
 
 
Scheme 9. Reaction of I-1 with hydrogen and excess of monodentate ligand dimethylphenylphosphine Me2PPh.3 
As shown in scheme 9, reaction of I-1 with hydrogen in presence of 5 eq. of 
dimethylphenylphosphine (Me2PPh) gave I-2-Me2PPh as only observable complex species after 16 h at 
140 °C. In analogy with this observation M. Meuresch found that a similar I-2-PPh3 species can be 
formed under identical reaction conditons employing PPh3 instead of Me2PPh.4 Incidentally, Crabtree and 
co-workers have reported a BDEPP analogue [H2Ru(BDEPP)Me2PPh] in 1992.[37] In contrast to the 
reaction in pure THF (figure 4), this transformation is very selective. This is plausible because Me2PPh is a 
better stabilizing reagent than THF. Furthermore, isobutene could be clearly detected in the reaction 
mixture by 1H-13C NMR correlation spectroscopy. This indicates that the dihydride species is formed via 
heterolytic activation of hydrogen between the TMM unit and the metal center resulting in the double 
protonation of the TMM fragment to give isobutene. It is interesting to note that isobutene is not 
hydrogenated to isobutane under these conditions. A possible explanation is that I-2-Me2PPh exhibts a 
saturated octahedral structure and therefore has no open coordination sites for the isobutene to bind to 
the metal center.  
These results further support the hypothesis that the reaction of I-1 with hydrogen forms a neutral 
dihydride species of type I-2, which can be stabilized by coordinating reagents such as THF, PPh3, 
Me2PPh or carbon monoxide. 
 
 
 
 
 
                                                          
3 These results were obtained in collaboration with M. Meuresch 
4 These results will be discussed in the PhD thesis of M. Meuresch. 
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With the active catalyst precursor I-1 at hand the boundaries of the catalytic hydrogenation of 
methylbenzoate were probed (see table 3).  
 
Table 3. Variation of reaction parameter in the catalytic hydrogenation of methylbenzoate.
[a] 
 
Entry Cat t T p(H2) Benzyl alcohol 
 
[mol %] [h] [°C] [bar] [%] 
1 I-1 (1) 16 140 50 98 
2 III-1 (1) 16 140 50 35 
3 III-1 (2) 16 140 50 50 
4 I-1 (1) 16 120 50 73 
5 I-1 (1) 6 140 50 79 
6 I-1 (1) 6 140 20 71 
7 I-1 (0.1) 16 140 50 54 
[a] Reaction conditions: 1 mmol methylbenzoate, 1 mL dioxane. Values in brackets give the catalyst 
loading. Yields were determined by GC using n-dodecane as internal standard. 
 
As depicted in table 3, [Ru(BDEPP)TMM] III-1 was less efficient in the catalytic hydrogenation of 
methylbenzoate yielding only 35% of benzyl alcohol (entries 1 and 2). Even at 2 mol% catalyst loading of 
III-1 only 50% benzyl alcohol was obtained (entry 3). This significant difference in activity between I-1 
and III-1 indicates that the nature of the tripodal ligand is crucial and therefore bears great potential for an 
optimization tool of the present catalytic system. On the other hand, carrying out the reaction with I-1 at a 
reduced temperature of 120 °C results only in a slightly diminished yield of 73% (see entries 1 and 4). 
Lowering the hydrogen pressure from 50 to 20 bars did not have a significant effect after 6 hours reaction 
time (entries 5 and 6). Likewise, reducing the catalyst loading to 0.1 mol% of I-1 resulted in 54% benzyl 
alcohol, corresponding to an initial TON of 540 (entry 7).  
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In order to get further insights on the catalytic hydrogenation of methylbenzoate, a conversion/time 
profile was measured by stopping batch reactions at different reaction times (figure 5). 
 
 
Figure 5. Time profile of the catalytic hydrogenation of methylbenzoate. Reaction conditions: 
1 mmol methylbenzoate, 0.01 mmol I-1, 1 mL dioxane, 140 °C, 50 Bar H2. 
As shown in figure 5, the time profile of the catalytic hydrogenation of methylbenzoate follows a first 
order kinetic with a reaction rate of k140 = 0.25 h-1  which corresponds to a TOF of 25 h-1.  
In order to get a further informations about the mechanism of the catalytic hydrogenation of 
methylbenzoate, high pressure NMR experiments were carried out reacting I-1 with 13 eq. of 
methylbenzoate at 50 bar hydrogen pressure (figure 6). 
The 31P-NMR spectra show a continuous consumption of catalyst precursor I-1, while a simultaneous 
accumulation of four new species is observed. In consistence with the hydrogen activation studies of I-1 
(figure 4), the formation of neutral dihydride complex [H2Ru(Triphos)(THF)] I-2[46] and the 
corresponding dimer [HRu(Triphos)(μ-H)]2 I-5 was observed. It is interesting to note, that the formation 
of I-2 and I-5 is considerably faster in presence of methylbenzoate than without any substrate 
(see figure 4 and 6). On the other hand Ru(I) dimer [TriphosRu(μ-H)]2 I-4 was formed during the course 
of the reaction. Furthermore, the characteristic triplet / doublet signals of [H2Ru(Triphos)(CO)] I-3 were 
observed at prolonged reactions times. The formation of this carbonyl complex suggests that a 
decarbonylation of reactive intermediates such as aldehydes occurs under these reaction conditions 
(vide infra). 
Both I-4 and I-3 were synthesized and isolated separately (see experimental). Running catalytic reactions 
with the isolated complexes I-3 and I-4 under standard conditions did not result in any conversion of 
methylbenzoate in both cases. This indicates that both complexes represent potential deactivation 
pathways of this catalytic system. On the other hand, efforts to isolate the dihydride species I-2 and I-5 
from the reaction solution were unsuccessful.  
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Figure 6. 31P-NMR (d8-THF) spectra of high pressure NMR experiment of the catalytic hydrogenation of 
methylbenzoate. Reaction conditions: 0.3 mmol Methylbenzoat, 0.022 mmol I-1, 0.4 mL d8-THF, 140 °C, 50 bar H2. 
As the reaction conditions of the high pressure NMR experiment deviate significantly from the typical 
catalytic hydrogenation reactions in the autoclave set up in terms of concentration, catalyst loading and 
lack of stirring, the reaction solution of a typical catalytic experiment was also analyzed by 31P-NMR 
spectroscopy (figure 7). 
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Figure 7. 31P-NMR (d8-THF) spectra of reaction solution after catalytic hydrogenation of methylbenzoate. Reaction 
conditions: 1 mmol methylbenzoat, 0.01 mmol I-1, 1 mL d8-THF, 140 °C, 50 bar H2, 16 h. 
In consistence with the hydrogen activation studies (figure 4) and the high pressure NMR experiment 
(figure 6), hydride complexes I-5 and I-2 are observed at the end of the catalytic reaction. Furthermore 
the deactivation products I-4 and I-3 observed in the high pressure NMR experiments were also detected. 
Notably, a significant amount of unreacted precursor I-1 is still observed at the end of the catalytic 
reaction. This is in line with the results in figure 4 and suggests that hydrogen activation of I-1 might be a 
potential limiting step in this catalytic system.  
The identification of the deactivation products I-3 and I-4 as well as the observation of hyride complexes 
I-2 and I-5 after the catalytic reaction supports the hypothesis that [H2Ru(Triphos)S] I-2 represents the 
active species in the catalytic hydrogenation of methylbenzoate with I-1 (scheme 8).  
Considering the observed deactivation pathways, there is literature precedence for the formation of I-3 
because it has been observed in previous studies with the in situ [Ru(acac)3] / Triphos system.[27b, 36] In line 
with these studies, the carbonyl complex I-3 is potentially formed due to decarbonylation of aldehyde 
intermediates.[48] Along this line, Milstein and co-workers have proposed a mechanism for the 
hydrogenation of methylbenzoate that features benzaldehyde as reactive intermediate.[10a, 12] Another 
possibility would be a dehydrogenation of the products benzyl alcohol and methanol to form the 
corresponding aldehydes and enable subsequent decarbonylation.[49] Control experiments of M. Meuresch 
I-5 
I-4 
I-2 
I-1 
I-3 
I-3 
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have shown, that I-3 can be formed directly from [Ru(Triphos)TMM] I-1 via the reaction with an excess 
of methanol at elevated temperatures.5 Along this line, recent studies by Bühl et al. have shown that 
decarbonylation is a competing side reaction in the catalytic dehydrogenation of methanol with 
[H2Ru(PPh3)3(H2)].[50] 
 
Scheme 10. Formation of [H2Ru(Triphos)(CO)] I-3 and [Ru(Triphos)(μ-H)]2 I-4 based on I-2. 
The other observed deactivation pathway of I-2 to form the Ru(I) dimer [Ru(Triphos)(μ-H)]2 I-4 is more 
unprecedented, although its formation has also previously been observed in the hydrogenation of amides 
with the [Ru(acac)3] / Triphos in situ system (scheme 8).[24] On one hand, the change of oxidation state of 
Ru(II) dihydride I-2 to Ru(I) in I-4 could suggest a disproportionation of a Ru(0) species and I-2. On the 
other hand, a di-nuclear reductive elimination of hydrogen from dihydrido dimer I-5 to form I-4, as 
observed in the WGS reaction by Bera et al., could be a potential formation pathway (scheme 10).[51] In 
this regard, similar observations have been made in the conversion of Ru(III) tetrahydride dimer [(η5-
C5Me5)Ru]2(μ-H)4] to a Ru(II) dihydride dimer [[(η5-C5Me5)Ru]2PR3(μ-H)2] by loss of one hydrogen 
molecule.[52]  
Furthermore, as I-4 could be synthesized by the reaction of I-1 with hydrogen in dioxane 
(see experimental). This clearly indicates that the formation of I-4 is a general stabilization pathway of the 
reactive hydride species I-2 and I-5 and does not result from the catalytic turnover of methylbenzoate. 
In any case, it is plausible that the formation of the dimeric species I-4 is highly dependent on the catalyst 
concentration. In this regard, further studies by D. Limper have shown that lower catalyst concentration is 
beneficial for the catalytic activity.[53] This observation is also mirrored in the increased TON of 540 when 
using 0.1 mol% loading of I-1 (see table 3).  
 
 
 
 
                                                          
5
 These results will be reported and discussed in the PhD thesis of M. Meuresch. 
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2.2.1.2 DFT Study of the Mechanism of the Catalytic Hydrogenation of Methylbenzoate with I-16 
Building on these experimental findings a potential mechanism based on Ru(II) dihydrid I-2 as active 
species was proposed and studied with DFT methods (scheme 11).  
 
 
Scheme 11. Mechanism of catalytic hydrogenation of methylbenzoate as calculated by DFT (S = solvent). 
 
As an initial step, the solvent molecule in I-2 is replaced by methylbenzoate to give I-2a. Then, one 
hydride is transferred to the carbonyl carbon via migratory insertion to form mono-hydride alkoxy 
complex I-2b. This is line with the observed alkoxy intermediates in hydrogenation of lactones by 
Bergens.[54] Subsequently, hydrogen occupies the vacant coordination site yielding I-2c. In analogy to the 
proposed cationic mechanism of the hydrogenation of levulinic acid a proton equivalent is then 
transferred from the coordinated hydrogen molecule to the oxygen atom of the coordinated hemicacetal 
via sigma bond metathesis to give I-2d.[36] The respective hemiacetal decomposes to give benzaldehyde.[55] 
This coordinates (I-2e) and a hydrogen equivalent is transferred to the carbonyl functionality in an 
analogue cycle (steps I-2f – I-2h). This two-step mechanism is in analogy to the proposed catalytic cycle 
for the ester hydrogenation by Milstein.[12] 
For all these transformations the respective intermediates and transition states were found by DFT 
calculations and the resulting Gibbs free energy profile is shown in figure 8.  
 
                                                          
6 DFT caclulations were carried out by Dr. Markus Hölscher 
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Figure 8. Gibbs free energy profile of the calculated mechanism of the catalytic hydrogenation of methylbenzoate 
with I-2. The energy difference between I-2s and I-2s’ is the gibbs free reaction energy for the conversion of the 
ester to the alcohol which is slightly exergonic (ΔGr= -0.8 kcal/mol). 
As depicted in figure 8, the turn-over-determining-intermediate (TDI) and the turn-over-determining-
transition-state (TDTS) were identified to be I-2f and TS-I2c-I2d, generating an effective activation 
barrier (energy span) of 25.4 kcal/mol.[56] Moreover the experimentally determined TOF of 41 h-1 after 
1.5 h reaction time at 140 °C in THF corresponds to activation energy of 28.1 kcal/mol, indicating a good 
agreement with the computationally determined value. The computed barrier is significantly lower than for 
the complementary cationic mechanism (29.7 kcal/mol for lactone and 31.0 kcal/mol for acid 
hydrogenation).[36] However, different substrates were used in these studies and therefore a direct 
quantitative comparison is not valid. On the other hand, this low barrier could be reasoned by the 
additional hydride in neutral complex I-2, which increases the hydricity of the hydride transferred to the 
carbonyl carbon of the ester function.[57] Furthermore, the reduction of the ester to the hemiactal is 
significantly more energy demanding than the corresponding hydrogenation of the benzaldehyde to the 
product benzyl alcohol (figure 8.) This is in line with the argument that esters are more challening to 
reduce than aldehydes or ketones due to the lower electrophilicy of the respective carbonyl function. It is 
interesting to note that the TDTS TS-I2c-I2d (depicted in figure 9) involves the protonation of the co-
ordinated hemiacetal, as it is this step that distinquishes this catalytic system from the cooperative systems 
discussed in chapter 1.2.2. 
 
Figure 9. Structure of TDTS TS-I2c-I2d. 
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In these cooperative catalyst systems the proton is usually transferred from the backbone of the respective 
ligand systems (e.g. CH2 arm of the PNN pincer[35] or NH group in the Noyori type systems[58]) to the 
substrate, whereas the coordinated acidic H2 molecule serves as proton donor in the Triphos based 
system. Interestingly, the energetic span of the hydrogenation of ethyl acetate with Morris cooperative 
catalyst was determined to be 26.1 kcal/mol, which is slightly higher than the energy barrier for the 
proposed cycle.[59] Again, it is important to note that a direct comparison is not valid because this study 
employed a different substrate, but this nevertheless allows the conclusion, that the hydrogenation via the 
acidic H2 molecule is competititive to the cooperative ligand systems.  
Another important point to consider is the cleavage of the hemiacetale to the corresponding aldehyde. In 
this respect, recent investigations by Baroudi have suggested that the ester undergoes a –H/-OR 
metathesis with the PNN pincer system of Milstein.[10a] Similar metathesis pathways have recently been 
proposed for the hydrogenation of dimethylcarbonate.[10b] In analogy to this proposal an alternative outer-
sphere mechanism based on I-2 can be envisaged (scheme 12). 
 
 
Scheme 12. Alternative catalytic cycle based on an outersphere –H/-OMe metathesis. 
As shown in scheme 12, in contrast to the previously proposed cycle (scheme 9), methylbenzoate is 
reduced by catalyst I-2 in an outersphere pathway (I 2a outer) and undergoes the proposed hydride 
methoxy metathesis to give I-2k. Subsequently, the methoxy function is protonated by the acidic H2 
molecule (I-2m) and the resulting methanol can be replace by benzaldehyde (I-2e) to enter the aldehyde 
reduction cycle. However the transition state going from I-2 to I-2k was computed to be 29.5 kcal/mol 
and is therefore considerably higher than for the rate determining transition state TS-I2c-I2d of 
24.8 kcal/mol of the mechanism proposed in scheme 11. This suggests that this pathway is not favored 
for the present system. 
 
 
 
 
30 | 2 Results and Discussion 
 
2.2.1.3 Scope of the Catalytic Hydrogenation of Esters with I-1 
The next step was to assess the substrate scope for the ester hydrogenation with I-1. As this catalytic 
system is supposed to be applied in the conversion of renewable feedstock, important platform chemicals, 
which can be derived from biomass materials, were selected as substrates.[60] The results of the catalytic 
hydrogenation of these bio-genic esters are summarized in table 4. 
 
Table 4. Scope of ester hydrogenation with I-1.
[a]
 
Entry Substrate Product Yield 
   [%] 
1 
 
 
99 
2 
  
99 
3
[b]
 
  
99 
4 
  
99 
5 
  
99 
6
[c]
 
 
 
99 
7 
  
95 
[a] Reaction conditions: 1 mmol substrate, 0.01 mmol I-1, 
1 mL dioxane, 140 °C, 16 h, 50 bar hydrogen. Yields determined by 
1
H-NMR integration using mesitylene as internal standard. For all 
methylester examples methanol was detected in equal amounts. 
[b] 75 bar H2, 24 h [c] 0.001 mmol I-1. 
 
As shown in table 4, dimethylsuccinate, as a representative for the “succinic acid platform”, was smoothly 
converted to 1,4-butanediol in 99% yield (entry 1).[61] Dimethyl-2-methylsuccinate and dimethylitaconate 
were hydrogenated to their respective diols in excellent yields (entries 2 and 3). Likewise, I-1 promoted the 
efficient conversion of methyl levulinilate, which can be directly obtained from cellulose (entry 4).[62] 
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Furthermore, γ-valerolactone was converted to 1,4-pentanediol in 99% yield.[63] This indicates that I-1 is 
also suitable for the hydrogenation of lactones. In this regard, DL-dilactide was completely reduced with a 
catalyst loading of 0.1 mol% (entry 6). Finally, ethyl-3-hydroxybutyrate was converted to 1,3-butandiol in 
95% yield, indicating that I-1 also promotes the catalytic hydrogenation of functionalized 
esters (entry 7).[64]  
To get a further insight into I-1’s reactivity, the hydrogenation of dimethylsuccinate was studied in more 
detail. Initially, the conversion/time profile of the reaction was measured by stopping single batches at 
different reaction times. The results are summarized in figure 10. 
 
 
 
Figure 10. Conversion/time profile of the catalytic hydrogenation of dimethylsuccinate (DMS) at 140 °C. Reaction 
conditions: 1 mmol dimethylsuccinate, 0.01 mmol I-1, 1 mL dioxane, 50 bar H2, 140 °C. 
As depicted in figure 10, the hydrogenation of dimethylsuccinate (DMS) clearly follows a consecutive 
pathway. While DMS is consumed, accumulation of intermediate products methyl-4-hydroxybutyrate 
(M-4HB) and γ-butyrolactone (GBL) was observed by 1H-NMR spectroscopy in the first 4 h. These are 
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then converted to the end-product 1,4-butanediol (1,4-BDO) with progressing reaction time and the 
reaction is complete after 12 h. These results indicate that initially one of the ester functions is reduced by 
I-1 to give mono-ester M-4HB. The formation of GBL can be reasoned by intramolecular 
transesterification of M-4HB. As this is an equilibrium reaction, it makes sense that M-4HB and GBL are 
formed simultaneously under these reaction conditions. However, it cannot be excluded that this side 
reaction is also influenced by a lewis acidic Ruthenium species such as I-2.[65]  
In comparison, while γ-valerolactone was also detected as an intermediate product in the hydrogenation 
studies of itaconic acid with [Ru(acac)3] / Triphos and acidic additives, the formation of the mono 
hydrogenated acid was never observed.[28] A plausible explanation for this is that the mono hydrogenated 
acid is unstable under these reaction conditions because the acidic additives as well as the acidic substrate 
promote a fast lactonization. Hence, the absence of acidic additives in the present catalytic system allows 
the formation of M-4HB. 
 
 
Figure 11. 1H-NMR (d6-DMSO) spectrum of reaction solution after catalytic hydrogenation of dimethylsuccinate 
(DMS). 
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After these kinetic investigations, the influence of the other reaction parameters catalyst loading, hydrogen 
pressure and temperature was assessed. The results are summarized in table 5. 
 
Table 5. Variation of the reaction parameter in the catalytic hydrogenation of dimethylsuccinate.
[a] 
Entry I-1 p(H2) T Conversion Selectivity 
 
[mol %] [bar] [°C] [%] M-4HB [%] GBL [%] 1,4-BDO [%] 
1 1 50 140 99 0 0 99 
2 0.5 50 140 96 0 4 96 
3 0.25 50 140 94 0 3 98 
4 0.1 50 140 54 57 17 26 
5 1 20 140 95 0 0 99 
6 1 10 140 92 22 28 52 
7 1 50 120 89 19 12 69 
8 1 50 100 75 67 9 24 
9 1 50 90 42 83 2 17 
10 1 50 80 17 99 0 0 
11
[b]
 1 50 80 34 92 2 6 
[a] Reaction conditions: 1 mmol dimethylsuccinate (DMS), 1 mL dioxane, 50 bar H2 (at rt). Conversion 
and selectivity determined by 
1
H-NMR integration using mesitylene as internal standard. [b] 48 h reaction 
time. 
 
As depicted in table 5, reducing the catalyst loading to 0.5 and 0.25 mol% did not lower the conversion or 
the selectivity towards 1,4-butanediol (1,4-BDO) in a significant manner (entries 1–3). These results 
indicate that I-1 is also efficient at lower catalyst loadings. On the other hand, using 0.1 mol% of I-1 gave 
only 54% conversion of dimethylsuccinate. Furthermore the selectivity changed considerably and in 
addition to 26% of BDO, the intermediate products 17% of γ-butyrolactone (GBL) and 57% of methyl-4-
hydroxybutylester (M-4HB) were observed (entry 4). As a next step, the influence of the hydrogen 
pressure p(H2) was tested. Lowering the hydrogen amount to 20 bars, still gave 95% conversion and full 
selectivity towards 1,4-BDO (entry 5). On the other hand decreasing the hydrogen pressure to 10 bar gave 
92% conversion of dimethylsuccinate but higher selectivity towards the intermediate products M-4HB and 
GBL (entry 6). This suggests that 20 bar of hydrogen are needed in this experimental set-up in order to 
enable full hydrogenation to 1,4-BDO. Finally, the influence of the reaction temperature was assessed. As 
expected lowering the temperature from 140 °C down to 80 °C results in a continuous decrease in 
conversion and increase in selectivity of M-4HB (entries 7 -10). These findings support the hypothesis that 
the hydrogenation follows a consecutive pathway. Furthermore these results show that the selectivity can 
be tuned by the reaction temperature and that mono-hydrogenation of dimethylsuccinate can be carried 
out with high selectivity at 80 °C. Recently, similar mono-hydrogenation of diethyloxalate has been shown 
with the Ru-MACHO type catalyst by Beller and co-workers.[16b]  
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In line with the results of the catalytic hydrogenation of methylbenzoate, the 31P-NMR spectrum after a 
typical catalytic hydrogenation of dimethylsuccinate (DMS) showed reactive intermediates 
[H2Ru(Triphos)(THF)] I-2 and the corresponding dimer [HRu(Triphos)(μ-H)]2 I-5 as well as the 
deactivation products [H2Ru(Triphos)(CO)] I-3 and [Ru(Triphos)(μ-H)]2 I-4 (figure 12). On the other 
hand, in contrast to the 31P-NMR spectra in figure 7, no unreacted precursor is observed after the catalytic 
hydrogenation with dimethylsuccinate (figure 12).   
 
 
Figure 12. 31P-NMR (d8-THF) spectra of reaction solution after catalytic hydrogenation of dimethylsuccinate. 
Reaction conditions: 1 mmol dimethylsuccinate, 0.01 mmol I-1, 1 mL d8-THF, 140 °C, 50 bar H2, 16 h. 
In summary, I-1 represents a versatile catalyst for the hydrogenation of esters, which is active at low 
temperatures and catalyst loadings. All tested biogenic esters were reduced with high yield and selectivity 
to their corresponding diols. This makes I-1 a powerful tool in the conversion of biomass platform 
chemicals. 
Neutral [H2Ru(Triphos)(THF)] I-2 was identified as plausible active species in the catalytic 
hydrogenations. Furthermore deactivation pathways of the catalytic system leading to the formation of 
Ru(I)dimer [Ru(Triphos)(μ-H)]2 I-4 and [H2Ru(Triphos)(CO)] I-3 were identified. 
 
 
I-5 
I-4 
I-2 
I-3 
I-3 
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2.2.2. Catalytic Hydrogenation of Carboxylic acids  
After the catalytic hydrogenation of the ester derivatives with I-1 was successful, the corresponding 
biogenic acids were tested in further catalysis studies (table 6).  
 
Initially, levulinic acid was treated with 1 mol% I-1 and 50 bar of hydrogen at 160 °C. As shown in table 6, 
full conversion to 1,5-pentanediol was observed under these conditions (entry 1). This is in agreement 
with the results of the [Ru(acac)3] / Triphos in situ system.[28] On the other hand, reacting succinic acid at 
140°C with I-1 resulted in formation of 72% of γ-butyrolactone (entry 2). This is in contrast to the studies 
of the hydrogenation of dimethylsuccinate, which was fully converted to 1,4-butanediol under these 
reaction conditions. Raising the reaction temperature to 195°C resulted in the desired full conversion 
(entry 3). This suggests that the hydrogenation of the carboxylic acids is significantly more energy 
demanding than the corresponding ester hydrogenation. This is in line with the mechanistic proposal, 
where the energetic span of the ester hydrogenation is significantly lower than for the catalytic turnover of 
carboxylic acids. Furthermore, the observation that di-acid succinic acid is less susceptible to 
hydrogenation than levulinic acid is in agreement the results of itaconic acid hydrogenation by Leitner, 
Klankermayer and co-workers.[28] The same situation is observed for the hydrogenation of succinic 
anhydride. On one hand, running the reaction at 160 °C resulted in incomplete hydrogenation to 
methyl-4-hydroxybutyric acid and γ-butyrolactone (entry 4). On the other hand, hydrogenation at 195 °C 
gives 1,4-butanediol in 96% yield (entry 5). Finally, hexanoic acid was hydrogenated to 1-hexanol in 50% 
yield under similar conditions. 
Table 6. Catalytic hydrogenation of selected biogenic carboxylic acids with I-1.
[a]
 
 
Entry t T I-1 Substrate Product Conversion Selectivity 
 
[h] [°C] [mol%] 
  
[%] [%] 
1 16 160 1 
 
 
99 99 
2 16 140 1 
  
72 99 
3 24 195 2 
 
 99 92 
4 16 160 1 
 
 
82 54
[b]
 
5 24 195 2 
 
 99 96 
6 16 195 2 
 
 
50 99 
[a] Reaction conditions: 1 mmol substrate, 1 mL dioxane, 50 Bar H2. Conversion and selectivity 
determined by 
1
H-NMR using mesitylene as internal standard; [b] γ-butyrolactone was observed as side 
product. 
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Figure 13. 31P-NMR (d6-DMSO) spectra of reaction solution after catalytic hydrogenation of succinic acid. Reaction 
conditions: 1 mmol succinic acid, 0.01 mmol I-1, 1 mL dioxane, 195 °C, 50 bar H2, 24 h. 
As depicted in figure 13, the major observed complex species after the catalytic hydrogenation of succinic 
acid is the carbonyl complex [H2Ru(Triphos)(CO)] I-3. In addition, unreacted precursor I-1 and dimeric 
hydride complexes I-4 and I-5 were detected. In addition a new species was observed indicated by 
characteristic signals at δ = 31.3 (d, J = 38.3 Hz, 2P) and δ = –3.8 (tr, J = 38.3 Hz, 1P), respectively. The 
chemical shifts and multiplicity of these signals fit to a complex of the formal structure 
[Ru(Triphos)(CO)X2]. In this regard, literature known complex [Ru(Triphos)(CO)Cl2] shows a duplet at 
δ = 28.6 ppm corresponding to two phosphorous atoms and a triplet δ = – 7.2 ppm with coupling 
constant of J = 40 Hz.[66] Taking this into account, this new complex could potentially be a substrate 
complex of type [Ru(Triphos)(CO)(SA)] where SA is succinic acid (see figure 14). These results indicate 
that the deactivation via decarbonylation is the predominant pathway in the hydrogenation of carboxylic 
acid derivatives due to the high reaction temperatures. Furthermore, the potential substrate mediated 
deactivation in case of di-acids would explain their lower susceptibility towards hydrogenation. 
I-4 
I-5 
I-3 
I-3 
I-1 
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Figure 14. Proposed complex [Ru(Triphos)(CO)(SA)]  
Encouraged by the observed activity on carboxylic acids, benzoic acid was tested as the acid analogue to 
methylbenzoate (table 7).  
 
Table 7. Catalytic hydrogenation of benzoic acid.
[a] 
 
Entry T Conversion Benzyl alcohol (a) Benzylbenzoat (b) 
 [°C] [%] [%] [%] 
1 180 6 100 0 
2 200 23 86 14 
3 220 93 95 5 
[a] Reaction conditions: 1 mmol benzoic acid, 0.01 mmol I-1, 1 mL dioxane, 50 bar H2, 16 h. 
Conversion and selectivity determined by 
1
H-NMR using mesitylene as internal standard. 
 
As depicted in table 7, the conversion of benzoic acid to benzyl alcohol proved to be challenging. Even at 
an elevated reaction temperature of 180°C only 6 % conversion was observed (entry 1). Increasing the 
temperature to 200 °C gives 23 % conversion and 86 % selectivity towards benzyl alcohol a. However, the 
reduction was accompanied by transesterification as indicated by 14 % of benzylbenzoate b (entry 2). 
Finally, at a reaction temperature of 220 °C I-1 promotes the selective hydrogenation of benzoic acid to 
benzyl alcohol (entry 3). This represents the first example of selective benzoic acid hydrogenation.[26]  
The activity of I-1 towards acids and its remarkable stability towards temperature above 200 °C are 
important features of this catalytic system. 
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2.2.3 Homogeneous Catalytic Hydrogenation of Amino Acids7  
Among the range of bio-derived carboxylic acids, amino acids are an interesting substrates class, because 
they are readily available cheap chiral platform molecules. For instance the fermentative production of 
amino acids based on glucose has been implemented on industrial scale.[67] A desirable transformation is 
the reduction to their respective amino alcohols, because the latter has a broad field of application ranging 
from chiral auxiliaries,[68] organocatalysis[69], ligands[70] to pharmaceuticals.[71] In this regard, while 
stochiometric reduction protocols of amino acids with reagents like NaBH4 or LiBH4 have been reported 
as early as 1921 by Karrer, selective catalytic protocols remain rather scarce.[72] Notably, heterogeneous 
systems based on Ru, Pd, Cu, Rh and Re and combinations of these metals have been investigated, but 
these protocols suffer from a limited substrate scope, lack of chemoselectivity and need to be carried out 
in concentrated mineral acid solutions (e.g. H2SO4, H3PO4).[73]  
To date no homogeneous catalyst system has been reported for the hydrogenation of amino acids. There 
are two major barriers that amino acids impose to classic homogeneous hydrogenation approaches. On 
one hand, most systems capable of hydrogenating carboxylic acid functionalities are not compatible with 
free carboxylic acids.[4] On the other hand, most amino acids are just soluble in water or aqueous systems, 
which again represents a challenge to most state of the art systems.[74] There is more literature precedence 
for the hydrogenation of amino acid esters.[75] In 2010, Kuriyama et al. reported the hydrogenation of β-
amino functionalized esters with a Noyori type Ruthenium catalyst. However, in these studies α-amino 
acid esters were not susceptible to hydrogenation.[64] Therefore, as a preliminary test, L-valin methylester 
was tested under standard reaction conditions (scheme 13).  
 
Scheme 13. Catalytic hydrogenation of L-valinmethylester with I-1. Reaction conditions: 1 mmol L-valin 
methylester 1, 0.01 mmol I-1, 1 mL dioxane, 140 °C, 50 bar H2, 16 h. 
As shown in scheme 13, α-amino ester L-valin methylester was converted to valinol in 81 % yield.  
This encouraging result prompted further investigations into the catalytic hydrogenation of L-valin 
(table 8). As depicted in table 8, no conversion of L-valin 1 was observed when reacting it with 1 mol% I-1 
and 50 bar hydrogen in dioxane solution (entry 1). This was not surprising, since L-valin is practically 
insoluble in dioxane. On the other hand it becomes soluble in aqueous dioxane mixtures.[74] Therefore a 
mixture of 0.5 mL water and 1.5 mL dioxane was employed. In consistence with the results of the catalytic 
hydrogenation of carboxylic acids, a conversion of L-valin of 79 % was observed (entry 2). However, in 
addition to the expected product valinol 2 a second product was observed in 39 % selectivity. Running the 
reaction on a 15 mmol scale and isolation of the product mixture led to the identification of 
3-Methylbutane-1,2-diol 3 (figure 15).[76]  
 
 
                                                          
7 Please note that the product amino alcohols in this chapter are always drawn as a racemic mixture because the ee 
was not yet determined. 
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This suggests a cleavage of the C-N bond and subsequent hydrolysis with water. A similar water mediated 
deamination of amines to form alcohols has recently been reported by Milstein using an acridine 
Ruthenium pincer complex.[77] Furthermore, a similar C-N bond cleavage was also observed for the 
catalytic hydrogenation of benzamide to benzylalcohol with I-1.  
Employing 1 mL of water decreased the selectivity of diol 3 (entry 3). In line with this observation, the use 
of an excess of water (1.5 mL) gave full conversion of L-valin with increased selectivity towards the amino 
alcohol 2 (entry 4). No, conversion is observed in pure water, which is attributable to the insolubility of 
I-1 in water.  
Table 8. Hydrogenation of L-Valin using different solvent mixtures.
[a] 
 
Entry 
I-1 
[mol %] 
H2O 
[mL] 
Dioxane 
[mL] 
Conversion
[b]
 
[%] 
Selectivity 
     2 [%] 3 [%] 
1 1 - 2 0 0 0 
2 1 0.5 1.5 79 62 38 
3 1 1 1 79 76 24 
4 1 1.5 0.5 99 86 14 
5 1 2 0 0 0 0 
[a] Reaction conditions: 0.5 mmol L-valin, 0.005 mmol I-1, 160 °C, 50 bar H2, 16 h. 
Conversion and Yields determined by 
1
H-NMR spectroscopy using mesitylene as internal 
standard. 
 
 
 
Figure 15. 1H-NMR (CDCl3) spectra of commercial rac-valinol (top) and isolated product mixture from a catalytic 
hydrogenation reaction of L-valin showing valinol 2 and diol 3 (bottom). The corresponding 1H-13C-HSQC-NMR 
spectrum is depicted in the experimental section. 
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These findings suggest that the activity and selectivity of this reaction is governed by the respective 
solubility of the catalyst and L-valin 1 in the solvent mixture.  
As one of the main motivations to use a homogeneous catalytic system was to overcome the substrate 
scope limitations of the heterogeneous systems, the next step was to test if the present catalytic system is 
able to reduce different amino acids (table 9). Here, only the corresponding yields of the amino alcohols 
are given, as the respective diol products were often overlaid by the solvents signals (water and dioxane) in 
the corresponding 1H-NMR spectra. 
Table 9. Hydrogenation of different amino acids.
[a] 
Entry Substrate Product Yield [%] 
1 
  
83 
2 
  
81 
3 
  
88 
4 
  
81 
5 
  
81 
6 
  
91 
7 
  72 
8 
 
 
61 
9  
 
32 
[a] Reaction conditions: 0.5 mmol L-valin, 0.005 mmol I-1, 0.5 mL 
dioxane, 1.5 mL water, 160 °C, 50 bar H2, 16 h. Yields determined by 
1
H-NMR spectroscopy using mesitylene as internal standard. 
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As depicted in table 9, L-glycin was converted to glycinol in 83 % yield, which is in line with the yield 
obtained for valinol 2 (table 9, entry 1 and table 8, entry 4). Correspondingly, hydrogenation of L-alanin 
gave alaninol in 81 % yield (entry 2). On the other hand, when 4-amino butyric acid as example for 
γ-amino acids, was subjected to standard reaction conditions, butyrolactam was observed as main product 
(entry 3). This could indicate that the intermediate aldehyde function is intercepted by the amino function 
to form a stable five-membered ring.[36] Similar transformations have been observed in Rh-catalyzed 
hydroaminomethylation chemistry.[78] Further hydrogenation of the lactam was also observed, as indicated 
by 12 % pyrrolidine in the reaction mixture. L-leucin gave the expected amino alcohol in 81 % yield 
(entry 4). Amino acids exhibiting an aromatic ring L-phenylalanin, and L-tyrosine were hydrogenated with 
high yields (entries 5 and 6). This is an important feature, because competitive ring hydrogenation is a 
major drawback in comparable heterogeneous systems.[75] D-lysin was converted to lysinol in 72 % yield, 
highlighting the remarkable tolerance of I-1 towards additional functional groups (entry 7). Along these 
lines, L-methionine also proved to be susceptible towards hydrogenation to methionol (entry 8). In fact 
the yield of methionol matches the one of the stoichiometric procedure employing NaBH4 as 
reductant.[72b] On the other hand, L-prolin was converted more slowly (entry 10). This broad substrate 
scope is an important advantage compared to the heterogeneous systems, where even simple amino acids 
such as L-valine are not converted due to adsorption issues.[73e]  
Having established the versatility of the present catalytic system, the next step was to control the 
selectivity of the reaction towards the amino alcohol and the respective diol on the example of L-valin 1 as 
benchmark substrate. Therefore the influence of reaction parameters such as pressure, temperature and 
catalyst loading on conversion and selectivity was tested (table 10). 
Table 10. Hydrogenation of L-valin using different reaction parameters.
[a] 
 
Entry 
I-1 
[mol%] 
p(H2) 
[bar] 
T 
[°C] 
Conversion 
[%] 
Additive
[b]
 Selectivity 
      2 [%] 3 [%] 
1 1 50 160 99  86 14 
2 0.5 50 160 72 - 74 26 
3
[c]
 1 50 160 84  88 13 
4
[d]
 1 50 160 73  73 27 
5 1 50 140 75 - 89 11 
6 1 50 180 99 - 43 55 
7 1 50 200 99 - 28 72 
8 1 100 160 99 - 89 11 
9 1 20 160 64 - 56 44 
10 1 50 160 96 p-TsOH(10) 81 19 
11 1 50 160 85 p-TsOH(20) 76 24 
12 1 50 160 99 HNTf2 (20) 72 28 
13 1 50 160 87 HNTf2 (100) 46 54 
14 1 50 160 59 NaOH (20) 86 13 
[a] Reaction conditions: 0.5 mmol L-valin, 0.005 mmol I-1, 1.5 mL water, 0.5 mL dioxane, 16 h. 
Conversion and Yields determined by 
1
H-NMR spectroscopy using mesitylene as internal standard. [b] 
Numbers in brackets give loading in mol% [c] 4 h reaction time [d] 0.5 M: 1 mmol L-Valin, 0.01 mmol I-1.  
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As shown in table 10, lowering the catalyst loading to 0.5 mol% lowered the overall conversion and 
increased the selectivity towards diol 3 (entries 1 and 2). On the other hand, stopping the reaction after 4 h 
expectedly resulted in lower conversion with similar product selectivity as observed for the reaction after 
16 h (see entries 1 and 3). This indicates that the formation of diol 3 is not a consecutive reaction but a 
competing reaction pathway. Furthermore increasing the substrate concentration from 0.25 M to 0.5 M 
reduced conversion and selectivity towards the amino alcohol (entry 4).  
As a next step the influence of the reaction temperature was assessed (entries 5 – 7). Running the reaction 
at 140 °C yielded 75% conversion and slightly higher selectivity to the amino alcohol 
(compare entries 1 and 5). On the other hand raising the reaction temperature to 180 °C resulted in a 
switch of the product selectivity and gave diol 3 as major product (entry 6). Consistently a futher increase 
of the reaction temperature futher favored diol formation with 72 % selectivity (entry 7). These results 
suggest that the formation of the diol is favored by elevated temperatures.  
The influence of the hydrogen pressure p(H2) was tested next. In this regard, conducting the reaction at 
100 bar hydrogen pressure increased the selectivity to valinol 2 with 91% (entry 8). Consistently, running 
the reaction with 20 bar hydrogen pressure lowered the conversion and significantly shifted the selectivity 
towards diol 3 (entry 9). These findings indicate that the hydrogen pressure has a positive influence on the 
amino alcohol selectivity. 
In the studies of James and co-workers it has been shown, that an acidic reaction medium is essential for 
the efficient amnino acid conversion.[73e-g] Therefore it was probed, whether the acidity of the reaction 
solution has an influence on the diol 3 vs. valinol 2 selectivity (entries 10 -14). Again a clear trend is 
observed that increasing acidity favors the formation of diol 3. Along this line 56 % of 3 is formed using 
stoichiometric amounts of HNTf2 (entry 13). On the other hand, adding sodium hydroxide (NaOH) as 
base did not change the selectivity but quenched the reactivity of I-1 (entry 13).  
Taking the results summarized in table 10 into account, several trends to tune the selectivity of the 
hydrogenation of L-valin can be identified. On one hand, the selectivity towards valinol 2 is increased at 
lower temperatures and higher hydrogen pressures, whereas the diol 3 is predominantly formed at high 
temperatures and at acidic conditions. With these informations in mind several control reactions were 
carried out (scheme 4). 
 
Scheme 14. Control reactions investigating the formation of 3-methylbutane-1,2-diol 3. 
As shown in scheme 14, when rac-valinol is treated under typical reaction conditions only 5 % conversion 
to 3-methylbutane-1,2-diol 3 was observed, whereas 14 % were detected in the hydrogenation of L-valin 
(see table 10, entry 1). Along the same line, when the same reaction was carried out with 100 mol% 
HNTf2, only 4 % of 3 were detected. This is in contrast to the selectivity of 3 (54 %) observed in the 
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hydrogenation of L-valin 1 under identical conditions (table 10, entry 13). These findings confirm the 
hypothesis, that the formation of 3 is not a consecutive conversion of valinol. Another possibility is that 
L-valin is converted to 2-hydroxy-3-methyl-butyric acid prior to reduction to diol 3 (see scheme 15). In 
this regard, amino acid hydrolysis at elevated temperatures releasing ammonia have been studied.[79] 
However, treating L-valin under standard reaction conditions in absence of catalyst did not result in any 
conversion. This suggests that the deamination of L-valin is also mediated by [Ru(Triphos)TMM] I-1.  
 
Scheme 15. Reaction network of L-valin 1 hydrogenation. 
Taking these results into account, a reaction network (see scheme 15) can be proposed, where the 
reduction of L-valin to valinol competes with the deamination of valin to 2-hydroxy-3-methyl-butyric acid 
and subsequent reduction to diol 3. While the latter transformation is favored by high temperatures and 
acidic conditions, the amino alcohol selectivity is primarily dependent on efficient hydrogenation 
conditions (e.g. high p(H2)). In other words, the selectivity to each product is governed by the rate of the 
competing reactions. With these findings in mind, the reaction was reassed at lower temperatures and 
increased hydrogen pressures (table 11). 
Table 11. Hydrogenation of L-valin using different reaction parameters.
[a] 
 
Entry 
p(H2) 
[bar] 
T 
[°C] 
Conversion 
[%] 
Selectivity 
    2 [%] 3 [%] 
1 100 120 37 99 - 
2 100 130 62 98 2 
3 140 130 84 99 - 
4 140 140 99 99 - 
[a] Reaction conditions: 0.5 mmol L-valin, 0.005 mmol I-1, 1.5 mL water, 
0.5 mL dioxane, 16 h. Conversion and Yields determined by 
1
H-NMR 
spectroscopy using mesitylene as internal standard.  
 
As depicted in table 11, running the reaction at 100 bar hydrogen pressure and 120 °C gave 37 % 
conversion and full selectivity towards the amino alcohol 2 (entry 1). Raising the reaction temperature by 
ten degress gave 62 % conversion and good selectivity (entry 2). Repeating the same reaction at 140 bar 
44 | 2 Results and Discussion 
 
hydrogen pressure increased the conversion to 84 % (entry 3). Finally, conducting the reaction at 140 °C 
and 140 bar hydrogen gave full conversion of L-valin to the desired amino alcohol. 
In summary, the stability of [Ru(Triphos)TMM] I-1 towards amino functions, water and acids make it a 
viable catalyst to promote the first homogeneous catalytic hydrogenation of amino acids. However the 
targeted hydrogenation was accompanied by formation of a diol by-product via a deamination pathway. 
First parameters to tailor the product selectivity were identified and future efforts will be focused on 
obtaining both products in high purity, in order to replace existing stochiometric amino alcohol 
production routes. In this regard, a crucial challenge will be to avoid racemization of the amino alcohols 
under the given reaction conditions. 
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2.2.4 Catalytic Hydrogenation of Carboxamides  
As a next challenge, amides were tested in catalytic hydrogenation with I-1. As an initial benchmark 
substrate acetanilide was chosen (table 12). 
 
 Table 12. Catalytic hydrogenation of acetanilide with I-1.
[a]
 
  
 
Entry I-1 T p(H2) Conversion Selectivity 
 
[mol %] [°C] [bar] [%] [%] 
1 0.5 140 50 29 99 
2 1 160 50 83 99 
3 2 160 50 86 99 
4 2 160 70 99 99 
[a] Reaction conditions: 1 mmol acetanilide, 0.01 mmol I-1, 1 mL dioxane, 
50 bar H2, 16 h. Conversion and selectivity determined by 
1
H-NMR 
spectroscopy using mesitylene as internal standard. 
 
As depicted in table 12, initial reaction conditions employing 0.5 mol% of I-1, 50 bar of hydrogen and 
140 °C resulted in 29 % conversion to N-ethylaniline as only product (entry 1). This is in contrast to the 
[Ru(acac)3] / Triphos in situ system, where the formation of ethanol and tertiary amines was observed.[24] 
This indicates that the hydrogenation of amides is more challenging than the ester derivatives. Raising the 
temperature to 160°C and catalyst loading to 1 mol% gave 83 % conversion (entry 2). Increasing the 
loading of I-1 to 2 mol% gave only a slightly improved yield of N-ethylaniline of 86 % (entry 3). Finally, 
full conversion to N-ethylaniline was achieved at elevated hydrogen pressure of 70 bar (entry 4). In 
comparison, the in situ [Ru(acac)3] / Triphos system, required a reaction temperature of 209°C to afford 
N-ethylaniline with 92 % selectivity.[24] 
Next, the conversion/time profile of the catalytic hydrogenation of acetanilide was recorded at 160°C 
(figure 16). The data points up to 4 h show a kinetic profile of typical first order kinetics with a rate 
k160 = 0.28 h-1 with R2 = 0.92. However taking into account the data point at 16 h, a ln[c(Acetanilide)] / t 
fit is no longer possible. This is a clear indication that a significant deactivation of the catalytic system 
takes place at prolonged reaction times. This deactivation was even more pronounced at higher 
temperatures. 
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Figure 16. Conversion/time profile of the catalytic hydrogenation of acetanilide at 160°C. Reaction conditions: 
1 mmol acetanilide, 0.01 mmol I-1, 1 mL dioxane, 160 °C, 50 bar H2. 
 
 
Figure 17.. 31P-NMR (d2-DCM) spectrum of the reaction solution of catalytic hydrogenation of acetanilide. Reaction 
conditions: 1 mmol acetanilide, 1 mol % I-1, 1 mL dioxane, 160°C, 50 bar H2, 0.75 h.  
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In order to understand the decreased catalytic activity, the reaction solution of a typical catalytic 
experiment was analyzed by 31P-NMR. As depicted in figure 16, after 0.75 h reaction time the known 
deactivation products [Ru(Triphos)(μ-H)]2 I-4 and [H2Ru(Triphos)(CO)] I-3 were observed as main 
species, alongside unreacted precursor I-1 and trace amounts of I-2.  
 
 
 
Figure 18. 31P-NMR (d6-DMSO) spectrum of the reaction solution of catalytic hydrogenation of acetanilide. 
Reaction conditions: 1 mmol acetanilide, 2 mol % I-1, 1 mL dioxane, 160°C, 50 bar H2, 16 h.  
The corresponding spectrum after a reaction time of 16 h depicted in figure 18, only shows the 
deactivation products. This is in contrast to the results of the ester hydrogenation, where the active 
intermediates I-2 and I-5 were still observed after a 16 h reaction time. Furthermore the ratio between I-4 
and I-3 changes in favor to I-4, when compared to the catalytic ester hydrogenation (figure 7 and 12). 
This could be an indication that the basic amine products facilitate the formation of I-4 and therefore 
promote a more pronounced deactivation. In this regard, the use of lewis basic phosphine ligands such as 
PPh3 have been studied to promote reductive hydrogen elimination of a Ru(III)hydride dimer to form a 
Ru(II)hydride dimer.[52] 
 
 
I-3 
I-3 
I-4 
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In spite of the observed deactivation, the scope of the amide hydrogenation was further assessed. The 
results are summarized in table 13.  
 Table 13. Catalytic hydrogenation of imides, primary amides and lactams.[a] 
  
Entry t HNtf2 Substrate Product Conversion Selectivity 
 
[h] [eq]
[b]
   [%] [%] 
1 24 - a 1,4-Butanediol 99 86 
2 16 - b Benzyl alcohol 22 99 
3 72 - b Benzyl alcohol 51 99 
4
[c]
 16 - b Benzyl alcohol 22 99 
5 16 1.5 b Dibenzylamine 99 98
[d]
 
6 16 - c - - - 
7 16 1.5  c Dibutylamine 99 99 
8 16 -  d - - - 
9 16 1.5  d - - - 
10 16 -  e - - - 
11
[e]
 16 1.5  e N-Phenylpyrrolidine 54 99 
 
[a] Reaction conditions: 1 mmol substrate, 0.02 mmol I-1, 1 mL dioxane, 160 °C, 16 h. Conversion and 
selectivity determiend by 
1
H-NMR integration using mesitylene as internal standard. [b] in reference to I-1 [c] 
195 °C [d] 2 % benzyl alcohol was observed [e] 0.015 mmol I-1. 
 
In a first attempt, maleimide was hydrogenated with 2 mol% I-1 at 160 °C and 50 bar hydrogen pressure. 
As depicted in table 13, it was converted to give 86% of 1,4-butanediol (entry 1). This was surprising 
because the formation of 1,4-butane diol requires a two-fold C-N bond cleavage and the hydrogenation of 
acetanilide always gave the formal C-O bond cleavage product N-ethylaniline in excellent selectivity 
(see table 13). On the other hand, hydrogenation of benzamide gave benzyl alcohol in 22 % yield instead 
of the expected benzyl amine (entry 2). This suggests that I-1 favors the C-N bond cleavage over the 
C-O bond cleavage in the hydrogenation of primary amides and imides.[21] Furthermore it is important to 
note, that the hydrogenation of benzamide was very slow only giving 51% benzyl alcohol even after 72 h 
reaction time (entry 3). Along this line, the yield could not be improved by raising the temperature to 
195 °C (entry 4). This further supports a potential amide/amine governed catalyst deactivation. The 
corresponding reaction solution was analyzed by 31P-NMR (figure 19) and the major observed species is 
again the inactive dimer I-4. In agreement with the previous findings, it is plausible to propose that the 
ammonia (NH3) formally formed in the hydrogenation of benzamide to benzylalcohol contributes to the 
potential base promoted catalyst deactivation leading to the formation of I-4.  
Therefore the use of an acidic additive was envisaged. The studies of methylbenzoate hydrogenation have 
shown that non coordinating acid HNTf2 hampers the reducing ability of I-1 least (see tables 1 and 2). As 
shown in table 14, the use of 1.5 mol% HNTf2 in the hydrogenation of benzamide b had a significant 
effect. Benzamide was converted fully to give 98 % of dibenzylamine. This indicates that not only the 
efficiency of the catalytic system is increased, but also that the product selectivity changes completely 
(entry 5.) This means that the acidic additive promotes the C-O bond cleavage over the C-N bond 
cleavage. This is plausible as the C-O bond cleavage pathways involves a dehydration step of the 
hemiaminal.[80] These observations emphasize the versatility of the catalytic system based on I-1. Along 
the same line, butyramide was not converted in absence of acid but addition of 1.5 mol% HNTf2 yielded 
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dibutyl amine in 99 % yield (entries 6 and 7). On the other hand, while benzylbenzamide could not be 
converted with the present catalytic system (entries 8 and 9), N-phenylpyrrol was converted to 
N-phenylpyrrolidine in 54 % yield (entries 10 and 11). This tailoring of product selectivity with additives 
was first reported for the [Ru(acac)3] / Triphos in situ system, but is also applicable to the present catalytic 
system featuring I-1.[28]  
In summary, the catalytic hydrogenation of primary, secondary and cyclic amides as well as imides is 
feasible with I-1. However catalyst deactivation governed by the basic amine functionalities of the amides 
and their respective products impose a challenge. For certain substrates this deactivation could be 
circumvented by adding an acid co-catalyst in the form of HNTf2, which also changes the product 
selectivity. On one hand, the observed deactivation and re-activation of the catalytic system must be 
studied in greater detail, on the other hand the fact that the reactivity can be tailored with an acidic co-
catalyst is an important feature of the present catalytic system. 
 
 
 
Figure 19. 31P-NMR (d6-DMSO) spectrum of reaction solution of catalytic hydrogenation of benzamide. Reaction 
conditions: 1 mmol benzamide, 1 mol% I-1, 1 mL dioxane, 160°C, 50 bar H2, 16 h. 
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2.3 Catalytic Hydrogenation of Carbonic acid Derivatives with 
[Ru(Triphos)TMM] I-1 
2.3.1 Catalytic Hydrogenation of Carbonates 
After the catalytic hydrogenation of carboxylic acid derivatives with I-1 was successful, the next task was 
the reduction of carbonates, which is more challenging than the corresponding ester hydrogenation in two 
aspects. On one hand, the electrophilicity of the carbonate carbonyl function is further reduced due to 
two electron withdrawing alkoxy moieties instead of one. In addition, now two C-O bonds need to be 
cleaved to afford full hydrogenation to the corresponding alcohols. In other words, catalytic 
hydrogenation of carbonates requires two full ester hydrogenation cycles, as depicted in scheme 16 
 
 
Scheme 16. Stepwise hydrogenation of dimethylcarbonate. 
As an initial benchmark substrate dimethylcarbonate was chosen. The results are summarized in table 14. 
Table 14. Catalytic hydrogenation of carbonates.
[a] 
Entry Substrate Product cat HNTf2 Conversion Selectivity 
    
[mol%] [eq]
[b]
 [%] [%] 
1 
 
Methanol 
I-1 (1) 0 0 0 
2 I-1 (1) 1.5 99 94 
3 I-1 (1) 3 94 78 
4 
 
Methanol 
I-3 (1) 0 0 0 
5 I-3 (1) 1.5 99 60 
6 I-3 (1) 3 96 68 
7 I-3 (1) 5 92 63 
8 
 
 
I-1 (1) 0 0 0 
9
[c]
 I-1 (1) 1.5 99 99 
    
    
[a] Reaction conditions: 1 mmol substrate, 1 mL dioxane, 50 Bar H2, 140 °C, 16 h. Conversion and Selectivity 
determined by 
1
H-NMR integration using mesitylene as internal standard. [b] in reference to I-1 [c] MeOH was 
observed in 99% yield. 
 
Thus dimethylcarbonate was treated with 1 mol% I-1 with 50 bar hydrogen in dioxane solution at 140 °C. 
As shown in table 14, no conversion of starting material was observed (entry 1). This was unexpected at 
first, as the initial hydrogenation step should proceed in the same manner as in the ester hydrogenation. 
To get a clearer picture the resulting reaction solution was analyzed by 31P-NMR spectroscopy (figure 20). 
As depicted in figure 20, the only observed complex species was [H2Ru(Triphos)(CO)] I-3 indicated by 
the characteristic triplet / doublet pair. This suggests that I-1 is converted to I-2, which makes one 
turnover to give the formate. Then decarbonylation of the formate is favored over reduction and 
therefore clean formation of I-3 shuts down the catalytic system. In the mechanistic studies of the 
levulinic acid hydrogenation Leitner et al. reported that I-3 can be reactivated by the acidic substrate.[36] 
Along the same line Bakhmutov and co-workers have reported that the hydride ligand of I-3 can be 
protonated by hexafluoro isopropy alcohol to give cationic [HRu(Triphos)(H2)(CO)]+ complex.[47] Thus, 
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the reaction was repeated in presence of 1.5 mol% of HNTf2. As shown in table 14 full conversion of 
dimethylcarbonate to methanol was achieved (entry 2). In line with the results of the catalytic ester 
hydrogenation (see table 2), the selectivity towards methanol decreased with an increased acid loading of 
3 mol% (entry 3). A potential explanation for the decreased selectivity could be an acid promoted 
etherification of methanol to form dimethylether, which does not remain in the reaction solution after 
venting the high pressure reactors due to its low boiling point and volatility. 
In order to prove the hypothesis that the acid reactivates I-3 to render this system catalytic experiments 
with isolated I-3 were carried out. As expected, in absence of HNTf2 complex I-3 showed no conversion 
(entry 4). On the other hand adding 1.5 mol% HNTf2 gave methanol in 60 % yield (entry 5). Increasing 
the acid loading to 3 and 5 mol% respectively, did not show any considerable influence on the conversion 
or selectivity (entries 5 – 7). These findings indicate that the acid HNTf2 is indeed capable of reactivating 
I-3. Furthermore these findings suggest that a cationic complex such as [HRu(Triphos)(H2)]+ serves as 
active species in the catalytic carbonate hydrogenation. This in contrast to the neutral complex 
[H2Ru(Triphos)S] I-2, which has been proposed as active species in the catalytic ester hydrogenation. The 
combined system of I-1 and HNTf2 also promoted the efficient hydrogenation of propylene carbonate 
(entires 8 and 9).  
 
 
 
Figure 20. 31P-NMR (d6-DMSO) of reaction solution of of catalytic hydrogenation of dimethylcarbonate. Reaction 
conditions: 1 mmol dimethylcarbonate, 1 mol% I-1, 1 mL dioxane, 160°C, 50 bar H2, 16 h. 
I-3 
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As both dimethylcarbonate as well as propylencarbonate are commonly used as solvents for catalytic 
transformations, their hydrogenation was re-assessed in neat conditions.[81] In this way a turn over number 
TON = 6218 was achieved in the catalytic hydrogenation of dimethylcarbonate after a 16 h reaction at 
140 °C. This is very competitive to the results of the Milstein system.[31] Along the same line 
hydrogenation of propylencarbonate in neat conditions gave a TON of 910. In order to get a further 
insight, the reaction solutions of these neat reactions were analyzed by 31P-NMR. Both spectra showed 
complex [HRu(Triphos)(CO)2]+ as major species, indicated by a characteristic duplet at δ = 18.4 ppm and 
triplet at δ = -6.2 ppm.[66] This is a further indication that the catalytic hydrogenation of carbonates 
follows a cationic mechanism similar to the one reported by Geilen and co-workers for the hydrogenation 
of levulinic and itaconic acid.[36] The ability of I-1 to give potential access two both the cationic and 
neutral mechanism is an important feature and could be one of the keys of I-1’s versatile reactivity. 
 
2.3.2 Homogeneous Catalytic Hydrogenation of Carbon dioxide to Methanol8,[82] 
The hydrogenation of carbon dioxide in presence of alcohols to form formates with Ruthenium catalysts 
is a well-established reaction.[83] As the present system is able to reduce carbonates, a catalytic route from 
carbon dioxide over formates to the respective alcohols can be envisaged (scheme 17). In fact a multi-
catalyst stepwise approach to this route has recently been reported by Sanford and Huff.[84]  
 
 
Scheme 17. Envisaged conversion of CO2 to methanol over formate intermediates. 
Initially, the hydrogenation of ethyl formate was tested (scheme 18).  
 
 
Scheme 18. Catalytic hydrogenation of ethylformate with I-1 in presence and absence of HNTf2. 
In consistence with the results of the carbonate hydrogenation, no conversion was observed in absence of 
acidic catalyst. Analysis of the corresponding reaction solution by 31P-NMR showed [H2Ru(Triphos)(CO)] 
I-3 as only complex species (figure 21). In fact, this transformation was so clean that the procedure was 
used to synthesize I-3 (see experimental). In agreement with previous studies adding 1.5 eq. HNTf2 
afforded a conversion of 65 % to ethanol and methanol. 
                                                          
8 These results were done in collaboration with Sebastian Wesselbaum. 
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Figure 21. 31P-NMR (d6-DMSO) spectrum of the reaction solution of catalytic hydrogenation of ethylformate at 
140 °C. Reaction conditions: 1 mmol dimethylcarbonate, 1 mol % I-1, 2 mL d8-THF, 160°C, 50 bar H2, 16 h. 
Consequently, I-1 together with 400 eq. of ethanol were heated at 140 °C in presence of CO2 and H2 
(table 15).  
 
Table 15. Catalytic hydrogenation of CO2 to 
methanol.
[a]
 
 
Entry 
HNTf2 
[eq]
[b] 
p(H2)
 
[bar] 
p(CO2)
 
[bar] 
TON
[c]
 
1 - 30 10 8 
2 
HNTf2 
(1.0) 
30 10 86 
3 
HNTf2 
(1.5) 
30 10 77 
4
 HNTf2 
(3.0) 
30 10 65 
5 
HNTf2 
(1.0) 
60 20 221 
[a] Reaction conditions: I-1 (0.025 mmol), 1.5 mL 
THF, EtOH (10 mmol), 140 °C, 24 h. [b] in reference 
to I-1 [c] TON determined by GC using n-heptane as 
internal standard. TON = mmol MeOH/mmol cat. 
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As depicted in table 15, carrying out the reaction in absence of acid yielded a low TON of 8 (entry 1). 
Conversely, using 1 eq. of HNTf2 with respect to I-1 gave a TON of 86 (entry 2). Increasing the acid 
amount to 1.5 and 3 eq. did not result in improved TON (entries 3 and 4). On the other hand, increasing 
the partial hydrogen and CO2 pressure to 60 and 20 bar gave a significant increased TON of 220 (entry 5).  
This direct conversion of carbon dioxide to methanol is a very important transformation in view of the 
methanol economy.[85] Notably, Behrens and co-workers have studied Cu-based heterogeneous catalyst for 
this transformation. The initial turnover rate TOF of 31 h-1 for this homogeneous system is comparable to 
their catalyst performance.[86] 
 
2.3.3 Catalytic Hydrogenation of Urea and Carbamates 
As a next step, I-1’s reactivity towards the catalytic hydrogenation of urea derivatives was tested.[32] In this 
respect, N,N-diphenylurea was chosen as the benchmark substrate (table 16).  
 
Table 16. Catalytic hydrogenation of N,N-Diphenylurea.
[a] 
 
Entry Cat t HNTf2 Conversion Selectivity
[c]
 Yield 
 
    1 2 3 4 MeOH 
 [mol%] [h] [eq]
[b]
 [%] [%] [%] [%] [%] [%] 
1 I-1 (1.5) 72 0 77 97 0 0 94 0 
2 I-1 (1.5) 72 1 96 69 25 8 0 11 
3 I-1 (1.5) 24 1 93 66 23 9 0 13 
4 I-1 (1.5) 24 0.5 58 34 2 0 48 2 
5 I-1 (1.5) 24 1.5 98 67 23 6 0 8 
[a] Reaction conditions: 1 mmol substrate, 2 mL THF, 50 Bar H2, 140 °C. Conversion and Selectivity 
determined by 
1
H-NMR integration using mesitylene as internal standard. [b] in reference to I-1 [c] Selectivity 
takes into account that 2 eq. of 1,2 and 3 can be formed per molecule of N,N-diphenylurea. 
 
Thus when N,N-diphenylurea was reacted with 1.5 mol% I-1 and 50 bar hydrogen at 140 °C for 72 h a 
conversion of 77% was observed (entry 1). This was unprecedented, since no activity was observed for the 
hydrogenation of dimethylcarbonate in absence of acid (table 14, entry 1). Analysis of the reaction 
solution showed a clean C-N bond cleavage to give aniline and N-phenylformamide in equal 
amounts (entry 1). This observed selectivity for the C-N bond cleavage is in line with observation of the 
catalytic hydrogenation of benzamide and maleimide (see table 13). On the other hand, the observation 
that no further reduction of N-phenylformamide occurs, indicates a substrate dependent catalyst 
deactivation. In consistence with the results of the catalytic carbonate hydrogenation 31P-NMR analysis of 
the reaction solution showed I-3 as only complex species. Therefore the reaction was repeated in presence 
of 1 eq. HNTf2. As shown in table 16, full conversion of N,N-diphenylurea is achieved under these 
conditions and N-phenylformamide is not observed anymore. However in addition to the expected 
aniline, N-methylaniline and N,N-dimethylaniline were also observed as products. This indicates that the 
reduction of N,N-diphenylurea is accompanied by N-methylation of the product amines. One possibility 
is that this methylation is governed by Ruthenium catalyzed reaction of the amines with methanol formed 
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in the hydrogenation.[87] In this regard, 11 % methanol was observed at the end of reaction. Together with 
the equivalents used for N-methylaniline and N,N-dimethylaniline this adds up to a methanol yield of 
92 % with respect to N,N-diphenylurea (entry 2). Despite this side reaction, these results are very similar 
to the Milstein PNN pincer system, which yielded 69 % aniline  under similar conditions.[32] The 
respective 31P-NMR spectrum of the reaction solution in d6-dimethylsulfoxide showed only dimeric 
[Ru(Triphos)(μ-H)]2 I-4 present in solution. Lowering the reaction time to 24 h did not change conversion 
and selectivity in a significant manner (entry 3). Lowering the amount of HNTf2 to 0.5 eq gave only 58 % 
conversion and incomplete hydrogenation to N-phenylformamide (entry 4) was observed again. On the 
other hand, raising the HNTf2 loading to 1.5 eq. gave a similar product spectrum to the corresponding 
reaction employing 1 eq. of HNTf2 (entry 5).  
With these informations at hand, the next challenge was the catalytic hydrogenation of carbamates. 4-
methyltolylcarbamate was chosen as benchmark substrate, as it represents a hybrid of dimethylcarbonate 
and N,N-diphenylurea (table 17). 
 
Table 17. Catalytic hydrogenation of 4-methyltolylcarbamate.
[a] 
 
Entry Cat T HNTf2 Conversion
[c]
 Selectivity  
 
    1 2 3 MeOH
[d]
 
 [mol%] [h] [eq]
[b]
  [%] [%] [%] [%] 
1 I-1 (1) 16 0 0 0 0 0 0 
2 I-1 (1) 16 1.5 44 43 16 41 20 
3 I-1 (1.5) 24 1.5 56 46 14 39 25 
4 I-1 (1.5) 72 1.5 73 43 15 42 32 
5 I-1 (1.5) 24 1 14 43 21 36 13 
6 I-1 (1.5) 24 3 99 54 14 32 36 
[a] Reaction conditions: 1 mmol substrate, 1 mL dioxane, 50 Bar H2, 140 °C, 16 h. Conversion and 
Selectivity determined by 
1
H-NMR integration using mesitylene as internal standard. [b] in reference to 
I-1 [c] Conversion calculated by sum of detected products 1 – 3. [d] Yields take into account that 2 eq. 
of methanol can be formed per molecule of 4-methyltolylcarbamate. 
 
As depicted in table 17, no conversion of 4-methyltolylcarbamate was observed when running the reaction 
in absence of acid (entry 1). This is in line with the results of the dimethylcarbonate hydrogenation (table 
15, entry 1). On the other hand adding 1.5 eq. HNTf2 gave 44 % conversion to 4-methylaniline and the 
corresponding methylated products (16 % and 41 %) (entry 2). In comparison to the results of the 
catalytic urea hydrogenation, there is a higher selectivity towards the dimethylated product N,N-dimethyl-
p-toluidine in case of the carbamate hydrogenation. This is plausible since two equivalents of methanol are 
produced in the hydrogenation of 4-methyltolylcarbamate, whereas only one equivalent is formed in the 
hydrogenation of N,N-diphenylurea. Raising the catalyst loading to 1.5 mol% of I-1 and increasing the 
reaction time to 24 h gave only a slight increase in conversion to 56 % while the selectivity remained the 
same (entry 3). A further increase to 72 h reaction time increased the conversion to 72 % (entry 4). In 
order to afford full conversion, the acid equivalents were altered. In this regard, lowering the acid loading 
to 1 eq. resulted in a dramatic drop of conversion to 14 % (entry 5). On the other hand using 3 eq. of 
HNTf2 yielded full conversion of starting material giving p-toluidine in 54 % selectivity (entry 6). In line 
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with the results obtained for the catalytic hydrogenation of N,N-diphenylurea, the corresponding 31P-
NMR spectrum of reaction solution in d6-dimethylsulfoxide showed only dimeric complex 
[Ru(Triphos)(μ-H)]2 I-4.  
It is interesting to note that the hydrogenation of dimethylcarbonate gave the best results in presence of 
1.5 eq. HNTf2 with respect to catalyst loading of I-1, while the reduction of N,N-diphenylurea required 
1 eq. HNTf2 and 4-methyltolylcarbamate 3 eq. of HNTf2. This means that the activity of I-1 can be 
tailored for every carbonic acid derivative by changing the amount of acidic co-catalyst.  
 
2.3.4 Catalytic N-methylation of Amines with Carbon dioxide and Hydrogen9,[88] 
The observed N-methylation in the catalytic hydrogenation of urea and carbamate substrates is a very 
interesting reaction because it uses a CO2 derivative as C1 building block to form a methyl group. This 
creates the possibility of using CO2 itself as methylating agent. Along this line N-methylation with 
dimethylcarbonate has been reported.[81, 89] Furthermore, a recent report by Beller and co-workers showed 
that N-methylation with CO2 is feasible using silanes as reducing reagents.[90] 
The rationale of this approach is the catalytic hydrogenation of carbon dioxide in presence of amines to 
give formamides, which are subsequently reduced by I-1 to give the methylamine (scheme 19).[83b]  
 
 
Scheme 19. Catalytic N-methylation of amines using CO2 and H2. 
As depicted in scheme 20, a protocol featuring the combination of I-1 with HNTf2 was successfully 
applied to promote N-methylation of a range of aromatic amines. This methodology is also applicable to 
imines and the tandem hydrogenation/methylation of amides.[88] 
 
Scheme 20. Catalytic N-methylation of aromatic amines using CO2 and H2. 
Notably, the group of Beller reported an analogue system shortly after our initial report using the 
[Ru(acac)3] / Triphos system.[91] Furthermore Shi and co-workers recently studied the title reaction with 
heterogeneous copper catalysts.[92] 
 
 
 
                                                          
9 These results were done in collaboration with Dr. Kassem Beydoun.  
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3 Conclusion and Outlook 
 
The developed complex [Ru(Triphos)TMM] I-1 proved to be a remarkably versatile hydrogenation 
catalyst for a broad variety of challenging carbonyl functionalities. The substrate scope includes examples 
from all classes of carboxylic and carbonic acid derivatives. This versatility can be attributed to certain key 
features of the present catalyst system: 
In contrast to state of the art systems, the ligand backbone is not required to shuttle protons in order to 
promote catalytic hydrogenation. While this results in lower turnover frequencies for certain examples, 
when compared to the cooperative systems (e.g. ester hydrogenation), this feature makes the catalyst 
system tolerant to acids and water. Therefore I-1 represents the most efficient homogeneous catalyst for 
carboxylic acid hydrogenation to date. Furthermore the rigid binding of the Triphos ligand enables the 
observed high temperature stability of the Triphos complexes, which allows high energy demanding 
transformations such as the hydrogenation of benzoic acid. 
Furthermore the detailed mechanistic investigations give a more complete picture of the observed 
versatility. Complex [Ru(Triphos)TMM] I-1 serves as a template precursor, which can enter into different 
catalytic cycles depending on the presence or absence of acidic additives. In this way I-1 can give access 
both to a neutral dihydride species as well as to a cationic monohydride species (see scheme 21). In both 
catalytic cycles a coordinated and therefore acidic dihydrogen molecule serves as the respective proton 
donor.[36]  
Two major deactivation pathways have been identified for both active species. Firstly, decarbonylation of 
substrates, alcohol products or aldehyde intermediates formed in the catalytic turnover competes with the 
desired reduction steps. The respectively formed carbonyl complexes [H2Ru(Triphos)(CO)] I-3 and 
[HRu(Triphos)(CO)2]+ are inactive because the CO ligand occupies the required coordination sites. In this 
regard, hydrogenation studies with the carbonic acid derivatives have shown that the formation of I-3 is 
irreversible in absence of acidic additives. However, this complete deactivation of the neutral cycle can be 
circumvented by using catalytic amounts of acidic HNTf2.  
A second deactivation pathway observed in all conducted catalytic hydrogenation experiments is the 
concentration dependent formation of the inactive Ru(I)dimer I-4. This deactivation is also substrate 
dependent, as observed in the amide hydrogenation studies, where the basic products seem to accelerate 
the formation of I-4. As depicted in scheme 21, the resulting reaction network is a complex structure of 
equilibriums between the reduction and deactivation steps. The clear identification of these deactivation 
pathways will allow future tailored catalyst optimization. 
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Scheme 21. Different complexes in the hydrogenation system based on I-1. 
The versatility of I-1’s reactivity could already be utilized in three examples using alternative carbon 
feedstocks for the production of commodity chemicals and fuel candidates. On one hand, the combined 
system of I-1 and HNTf2 was used to promote the first example of the hydrogenation of CO2 to methanol 
by a homogeneous catalyst.[82] On the other hand the same system promoted the use of CO2 as a 
C1 synthon in the methylation of amines.[88] Furthermore, I-1 was used in the first homogeneous protocol 
for the hydrogenation of amino acids to amino alcohols representing a rare example of producing fine 
chemicals from biomass.[93]  
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The identification of the deactivation pathways of I-1 in the various catalytic hydrogenation studies clearly 
defines the next optimization steps.  
On one hand, the decarbonylation mediated deactivation pathway could already be circumvented to a 
certain degree in this work by adding HNTf2 as acidic additive, the decarbonylation mechanism needs to 
be studied in more detail, in order to fully avoid this deactivation pathway. Furthermore the mechanism of 
the substrate dependant formation of inactive Ru(I)dimer [Ru(Triphos)(μ-H)]2 I-4 needs to be studied in 
detail to further improve the present catalytic system.  
In a bigger picture, the study of Triphos system within this chapter is currently still confined to 
Ruthenium based systems. In line with the current trend to explore the reactivity of first row metals, a 
sensible approach would be to investigate potential Iron-based Triphos systems. 
In this respect, there is already literature precedence. For instance, an Iron trimethylenemethane complex 
[Fe(Me-Triphos)TMM]10 has already been synthesized by Dixneuf.[44] Following the same synthesis route, 
[Fe(Triphos)TMM] was synthesized (scheme 22). 
 
 
Scheme 22. Synthesis of [Fe(Triphos)TMM]. 
However, when [Fe(Triphos)TMM] was reacted with hydrogen at 80 °C, no reaction was observed 
(scheme 23). Carrying out the reaction at higher temperatures eventually led to the formation of elemental 
Iron. This indicates that the activation of hydrogen is not as straightforward as in the Ruthenium systems. 
Consistently, no catalytic hydrogenation of acetophenone or methylbenzoate was observed.  
 
 
Scheme 23. Reactivity of [Fe(Triphos)TMM] with hydrogen. 
As a potential catalytic hydrogenation with an Iron Triphos complex needs to involve a Fe-H hydride 
species, complex [HFe(Triphos)BH4] was synthesized according to a literature procedure (scheme 24).[94] 
 
 
Scheme 24. Synthesis of [HFe (Triphos)BH4].[94] 
The synthesis route was also applied to achieve the isolation of [HFe(BDEPP)BH4]. Applying 
[HFe(Triphos)BH4] in the catalytic hydrogenation of acetophenone yielded 86 % of 1-phenylethanol. 
Along the same line, methylbenzoate was hydrogenated to benzylalcohol in 11 % yield (scheme 25).11 
                                                          
10 Me-Triphos = 1,1,1,-tris(dimethylphosphanylmethyl)ethane 
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Scheme 25. Catalytic hydrogenation of acetophenone and methylbenzoate by [HFe(Triphos)BH4] with hydrogen. 
These initial results show that an Iron Triphos hydride species can be used to afford ketone 
hydrogenation.[2a] Along these lines, Milstein and Beller have reported the use of Iron phosphine 
complexes in the catalytic CO2 hydrogenation to hydrogencarbonate.[95] Therefore [HFe(Triphos)BH4] 
and [HFe(BDEPP)BH4] were also tested in the hydrogenation of CO2 to formic acid (scheme 26). 
 
 
Scheme 26. Catalytic hydrogenation of carbon dioxide by [HFe(BDEPP)BH4] with hydrogen. 
As depicted in scheme 26, a turnover number TON of 24 was achieved using [HFe(BDEPP)BH4]. 
Control experiments with formic acid showed, that it is decomposing the respective iron precursors. 
Therefore a different Iron precursor must be found. Recently, mechanistic investigations on the 
dehydrogenation of formic acid with the Iron pincer system have shown that [H2Fe(PNP)(CO)] 
(PNP = 2,6-bis(di-tert-butylphosphinomethyl)pyridine) serves as the active species.[96] Therefore 
[H2Fe(Triphos)CO] seems to be a suitable candidate to continue these studies.[97] 
In another approach [HFe(BDEPP)BH4], catecholborane HBCat and carbon dioxide were reacted at 80°C 
for 16 h (scheme 27). 
 
Scheme 27. Catalytic hydroborylation of carbon dioxide by [HFe(BDEPP)BH4].  
As shown in scheme 25, first attempts yielded borylated methanol with a turnover number of 24. Again 
preliminary reactivity studies showed that the stability of [HFe(BDEPP)BH4] is the limiting factor. All 
these first reactivity studies indicate that the Iron triphos platform is indeed a viable system to achieve first 
row metal catalysis. 
                                                                                                                                                                                     
11
 The Iron catalyzed hydrogenation studies will be continued by Tobias Weigand. Therefore the detailed 
characterization of the complexes and catalytic procedures will be described in his PhD thesis. 
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4 Experimental 
4.1 General considerations 
If not stated otherwise, all reactions and preparations were carried out under argon atmosphere. Argon 4.6 
of PRAXAIR was used. Argon was purified with a MB 100-HP device of the firm M. BRAUN Inertgas-
Systeme GmbH. Glassware was dried by heating at 400 °C under high vacuum and flushing with argon 
for several times. 
 
4.2 Reagents  
If not stated otherwise all commercial reagents were used as received without any further purification. 
Solvents pentane, tetrahydrofuran and toluene were taken from solvent purification system Innovative 
Technology SPS-400-4. Other solvents were degassed by flushing with argon with a frit for 3 h. All 
solvents were dried and stored over molecular sieve 3Å and 4Å. Ethanol was distilled prior to degassing 
and drying. Deuterated solvents were degassed by freeze thawing and stored over molecular sieve. The 
water content of all organic solvents was monitored by Carl Fischer titration (METHROM 756 F 
Coulometer) 
Reagent Supplier Purity 
  [%] 
Metal Precursors and Ligands   
Bis(2-methylallyl)(1,5-cyclooctadiene)ruthenium(II) Umicore n. a. 
1,1,1-Tris(diphenylphosphinomethyl)ethane (Triphos) Sigma Aldrich n.a. 
Bis(2-diphenylphosphinoethyl)phenylphosphine (BDEPP) Sigma Aldrich 97 
Triphenylphosphine (PPh3) Fluka 98.5 
Dimethylphenylphosphine (Me2PPh) Sigma Aldrich 99 
   
Reagents, Standards and Additives   
   
3-Chloro-2-chloromethyl-1-propene Sigma Aldrich 99 
Dodecane Fluka >99.8 
Mesitylene Fluka >99.8 
Methanesulfonic acid Sigma Aldrich 99.5 
Trifluoromethanesulfonimide (HNTf2) Sigma Aldrich 95 
p-Toluenesulfonic acid monohydrate Sigma Aldrich 98.5  
Sodium borohydride Sigma Aldrich 99.99 
   
Solvents   
   
1,4-Dioxane Sigma Aldrich 99 
d8-Tetrahydrofuran (d8-THF) Eurisotop 99.8 
d6-dimethylsulfoxide (d6-DMSO) Eurisotop 99.8 
d2-dichlormethane (d2-DCM) Eurisotop 99.8 
Ethanol ITMC technical grade 
Pentane ITMC technical grade 
Tetrahydrofuran ITMC technical grade 
Toluene ITMC technical grade 
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Reagent Supplier Purity 
  [%] 
Substrates   
   
Acetanilide Merck Schuchardt OHG n. a. 
L-Alanine Sigma Aldrich >98 
4-Aminobutyric acid Sigma Aldrich >99 
Benzoic acid Sigma Aldrich >99.95 
N-Benzylbenzamide Sigma Aldrich >98 
Butyramide Sigma Aldrich >98 
1,2-Dilactide ABCR 97 
Dimethylcarbonate (anhydrous) Sigma Aldrich >99 
1,4-Dimethylsuccinate Sigma Aldrich 98 
Dimethylitaconate TCI 97 
N,N-Diphenylurea Sigma Aldrich 98 
Ethyl-3-hydroxybutyrate Sigma Aldrich >98 
Glycine Sigma Aldrich >98.5 
Ethyl formate Sigma Aldrich 97 
Hexanoic acid Fluka >99.5 
L-Leucine Sigma Aldrich >98 
Levulinic acid Sigma Aldrich 98 
L-Lysine Sigma Aldrich >98.5 
Maleimide Sigma Aldrich 99 
L-Methionine Sigma Aldrich >98 
Methylbenzoate Acros Organics 99 
Methyllevulinate Sigma Aldrich 98 
4-Methyltolylcarbamate CAT Center 97 
L-Phenylalanine Sigma Aldrich >98 
1-Phenyl-2-pyrrolidinone Sigma Aldrich 99 
L-Prolin Sigma Aldrich >99 
Propylene carbonate (anhydrous) Sigma Aldrich 99.7 
Succinic acid Fluka 99.5 
Succinic anhydride Sigma Aldrich >99 
L-Tyrosine Sigma Aldrich >98 
γ-Valerolactone Sigma Aldrich 99 
L-Valin Sigma Aldrich >98 
    
Products (for Analysis)   
   
(S)-2-Amino-3-methyl-1-butanol Sigma Aldrich 96 
L-Alaninol Sigma Aldrich 98 
Aniline Acros Organics 99.8 
Benzylalcohol Sigma Aldrich 99 
Benzylphenylether Sigma Aldrich 98 
1,3-Butanediol Fluka 99.0 
1,4-Butanediol Acros Organics 99+ 
γ-Butyrolactone Sigma Aldrich >99 
Dibenzylamine Sigma Aldrich 97 
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Reagent Supplier Purity 
  [%] 
   
Dibutylamine Sigma Aldrich 99.5 
Dimethylaniline Sigma Aldrich 99 
Methylaniline Fluka 98 
(S)-2-Methyl-1,4-butanediol Sigma Aldrich 97 
1,4-Pentanediol Sigma Aldrich 99 
1-Phenylethanol Sigma Aldrich 98 
N-Phenylformamide Sigma Aldrich 99 
(S)-2-Phenylglycinol Sigma Aldrich 98 
1,2-Propanediol Sigma Aldrich >99.5 
DL-Valinol Sigma Aldrich 97 
   
   
   
 
 
4.3 Analytical Methods 
4.3.1 NMR Spectroscopy 
If not stated otherwise, all NMR-spectra were recorded at room temperature with BRUKER DPX-300 
(1H: 299.6 MHz, 13C: 75.3 MHz, 31P: 121.3 MHz), a BRUKER  AV-400 (1H: 400.2 MHz, 13C: 100.6 MHz, 
31P: 162.0 MHz) or a BRUKER AV-600 (1H: 600.1 MHz, 13C: 150.1 MHz, 31P: 242.9 MHz) spectrometer. 
Chemical shifts δ are reported in reference to tetramethylsilane (1H und 13C), and phosphoric acid in D2O 
(31P(1H)). Residual protons and 13C signals of the respective deuterated NMR solvent was used as internal 
reference. Solvent signals were referenced according to Goldberg et al.[98] Chemical shifts will be reported 
in ppm and coupling constant J in Hz Multiplets are abbreviated as follows: s = singlet, d = doublet, t = 
triplet, q = quartet, quint. = quintet, m = multiplet, bs = broad signal.  
Known compounds were identified by reference measurements with the respective compounds obtained 
from commercial sources. Furthermore reported data was always in consistence with literature (see 
citations). 
If not stated otherwise, conversion and selectivity were determined by 1H-NMR integration using 
mesitylene as internal standard.  
Sample preparation was conducted as follows: To 0.1 mL of the crude reaction solution 12 – 15 mg of 
mesitylene was added. This solution was diluted by 0.5 mL d6-dimethylsulfoxide and subjected to NMR 
analysis. Sample for 13C-NMR analysis were prepared by adding 0.5 mL of the crude reaction solution to 
0.2 mL of d6-acetone. 
 
4.3.2 Gas Chromatography 
The identification of the compounds in the respective reaction solutions was done by GC/MS and 
confirmed by reference measurements with commercial batches of the respective compounds. 
64 | 4.3 Analytical methods  
 
Quantification was done using an internal standard. The respective correction factors kF were determined 
with commercial batches of the respective compounds and were routinely re-measured every 3 months. 
The latest is given in brackets. 
Hydrogenation of methylbenzoate to benzylalcohol 
Gas chromatographic separations were performed with the following set-up: column: 50 m OV1-IVA; 
carrier gas: nitrogen; split: 33/1; detector: flame ionization; temperature program: 50 °C iso, 8 °C min-1 
until 250 °C; n-dodecane was used as internal standard (tret = 17.9 min).  
Retention times and correction factor kF: benzyl alcohol (tret = 13.9 min, kF = 1.13), methyl benzoate 
(tret = 15.4 min, kF = 1.46), benzyl benzoate (tret = 26.5 min, kF = 1.36), dibenzyl ether 
(tret = 24.9 min, kF = 1.25), methyl benzylether (tret = 12.9 min, kF = 1.25). The latter two kF have been 
determined with commercial benzylphenylether. 
Hydrogenation of carbon dioxide to methanol: 
Gas chromatography was performed on a Trace GC gas chromatograph (Thermo Scientific) equipped 
with a SSL Inlet (250 °C, Split 83 mL/min), a FS-Innopeg-2000 column (60 m, inner diameter 0.25 mm, 
film thickness 0.25 µm) and a flame ionization detector (250 °C) using helium as carrier gas and a 
temperature program: 10 min isothermal at 50 °C, ramp to 200 °C (8 °C/min), 30 min at 200 °C. n-
heptane was used as internal standard (tret = 5.44 min). 
Retention times and correction factor kF: methanol (tret = 6.4 min, kF = 2.80), ethanol 
(tret = 6.8 min, kF = 2.80). 
 
4.3.3 Mass Spectroscopy 
ESI and APCI-MS measurements were carried out on a Varian 500MS instrument. HR-MS (EI) as well as 
SIMS measurements were carried out on a Finnigan MAT 95. HR-ESI-MS were performed on a Thermo 
Scientific LTQ (MS/MS) system with Orbitrap XL detector. 
 
4.3.4 X-Ray Diffraction (XRD) 
Intensity data were collected with a Bruker SMART APEX CCD detector on a D8 goniometer equipped 
with an Incoatec microsource (Mo-Kα radiation, 0.71073   Å).12 Temperature was controlled using an 
Oxford Cryostream 700 instrument. Data were processed with SAINT+.13, 14 
 
                                                          
12 Bruker AXS Inc., Madison, Wisconsin, USA. SMART (version 5.624). Program for Bruker CCD X-ray 
diffractometer control, 2000. 
13 Bruker AXS Inc., Madison, Wisconsin, USA. SAINT+ (version 6.02). Program for reduction of data collected on 
Bruker CCD area detector diffractometer, 1999. 
14 XRD Data was nalyzed and processed by C. Merkens, Prof. U. Englert and Dr. M. Hölscher 
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4.4 Synthetic and Catalytic Procedures 
4.4.1 Synthesis of Complexes  
Complex [H2Ru(Triphos)(CO)] I-3[36] and [HFe(Triphos)BH4][94] were prepared according to reported 
procedures. [HFe(BDEPP)BH4] was prepared by Tobias Weigand and will be reported in his thesis.[99] 
 
4.4.1.1 Synthesis of [Ru(Triphos)TMM] I-1 
 
A 35 mL Schlenk tube was charged with 159.5 mg [Ru(COD)(methylallyl)2] (159.5 mg, 0.5 mmol) and  
1,1,1-tris(diphenylphos-phinomethyl)ethane Triphos (312.0 mg, 0.50 mmol) in 25 mL toluene. After 
heating for 2 h at 110 °C, the resulting solution was concentrated in vacuo and treated with 10 mL of  
pentane. The precipitating complex was isolated and washed three times with 10 mL of  pentane. After 
drying, complex I-1 was obtained as a bright yellow powder (296.4 mg, 0.38 mmol, 76%). 
1H-NMR (600 MHz, 25°C, d2-dichlormethane, TMS): δ 7.12 - 7.04 (m, 18H, CAr-H), 
6.95 (m, 12H, CAr-H), 2.25 (bs, 6H, P-CH2), 1.63 (bs, 6H, C(CH2)32-), 1.40 (s, 3H, CH3) ppm. 
13C-NMR (150 MHz, 25 °C, d2-dichlormethane, TMS): δ 142.4 (m, ipso-CAr), 132.7 (m, ortho-CAr-H), 
128.0 (s, para-CAr-H), 127.8 (s, meta-CAr-H), 106.9 (bs, C(CH2)32-), 43.7 (m, C(CH2)32-), 39.3 (m, CH3), 38.7 
(m, (Ph2PCH2)3C-CH3), 36.0 (m, P-CH2) ppm.  
31P-NMR (243 MHz, d2-dichlormethane, H3PO4): δ 34.4 (s) ppm.  
HR-MS (EI) C41H45P3Ru calc.: 780.177 m/z, found: 780.178 m/z. 
Crystals suitable for X-ray analysis were grown by layering a toluene solution of I-1 with pentane. 
 
Crystal Data: P21/c space group, a = 20.291(3), b = 10.2096(16), c = 17.982(3) Å, α = 90°, 
β = 100.078°(4)°, γ = 90°, V = 3667.73 Å3, Z: 4 Z': 0, R1 = 0.0641, wR2 = 0.1246, GOF =1.030.  
 
4.4.1.2 Synthesis of [Ru(BDEPP)TMM] III-1 
 
A 10 mL Schlenk tube was charged with [Ru(COD)(methallyl)2] (16.0 mg, 0.05 mmol) and 
Bis(2-diphenylphosphinoethyl)phenylphosphine (BDEPP) (26.7 mg, 0.05 mmol) in 2.5 mL toluene. After 
heating for 2 h at 110 °C, the resulting solution was concentrated in vacuo and treated with 2 mL of  
pentane. The precipitating complex was isolated and washed three times with 2 mL of  pentane. After 
drying complex III-1 was obtained as a yellow powder (28.3 mg, 0.04 mmol, 82 % yield). 
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1H-NMR (600 MHz, 25°C, d2-dichloromethane, TMS): δ 7.76 (t, J = 8.5 Hz, 2H, CAr-H), 
7.44 (q, J = 7.3 Hz, 3 H, CAr-H), 7.28 (t, J = 8.5 Hz, 4H, CAr-H), 7.16 (t, J = 7.3 Hz, 2H, CAr-H), 
7.11 - 7.04 (m, 6H, CAr-H), 7.03- 6.95 (m, 8H, CAr-H), 2.69 – 2.51 (m, 4H, CH2-PPh2), 
1.89 - 1.66 (m, 4H, CH2PPh), 1.68 (q, J = 4.1 Hz, 2H, C-CH2), 1.57 (q, J = 4.1 Hz, 2H, C-CH2), 
0.26 - 0.22 (m, 2H, C-CH2) ppm. 
13C-NMR (151 MHz, 25°C, d2-dichloromethane, TMS): δ 143.9 (d, J = 29.3 Hz, CAr), 
139.2 (d, J = 29.8 Hz, CAr), 132.5 (d, J = 11.2 Hz, CAr-H), 131.6 (d, J = 11.2 Hz, CAr-H), 
131.2 (d, J = 10.3 Hz, CAr-H), 128.5 (m, CAr-H), 127.9 (m, CAr-H), 127.5 (m, CAr-H), 107.9 (bs, C(CH2)32-), 
45.9 (d, J = 30.9 Hz, C(CH2)32-), 36.7 (d, J = 30.6 Hz, C(CH2)32-), 32.7 (m, CH2-CH2-PPh2), 31.5 (m, CH2-
CH2-PPh2) ppm. 
31P-NMR (243 MHz, 25°C, d2-dichloromethane, H3PO4): δ 94.4 (s, 1P), 75.8 (s, 2P) ppm.  
HR-MS(EI) C38H39P3Ru calc.: 690.130 m/z, found: 690.130 m/z. 
Crystal Data: Pn space group, a = 8.9874(14), b = 17.045 (3), c = 21.380 (3) Å, β = 101.209(2)°, 
V = 3212.8 Å3, Z: 2 Z': 0, R1 = 0.0411, wR2 = 0.0976, GOF = 1.043. A P21/c space group was also 
found, but gave considerable higher R1 values.  
 
4.4.1.3 Synthesis and Characterization of [H2Ru(Triphos)(CO)] I-3 
Isolation of  I-3 after catalytic reaction: A 20 mL steel autoclave was charged with a solution of  
dimethylsuccinate (1.168 g, 8.00 mmol) and of  complex I-1 (31.24 mg, 0.04 mmol) in 4 mL THF. The 
autoclave was pressurized with 70 bar H2 and heated for 16 h at 140°C. After the reaction the autoclave 
was vented in a glove box. Removing THF in vacuo and adding 2 mL of  ethanol yielded I-3 as colourless 
powder. Subsequently, I-3 was washed three times with 2 mL ethanol and dried in vacuo.  
Synthesis of  I-3 starting from I-1 and methyl formate: A 20 mL finger autoclave was charged with a solution of  
methylformate (600 mg, 10 mmol), [Ru(Triphos)TMM] I-1 (78 mg, 0.1 mmol) in 4 mL THF. The 
autoclave was pressurized with 70 bar hydrogen and heated at 140 °C for 16 h. After quenching the 
reaction in an ice-bath, the autoclave was carefully vented and the solution transferred to a Schlenk tube. 
After concentration, I-3 precipitated from solution and was washed three times with 3 mL of  ethanol. 
The pale yellow complex was isolated by filtration and dried in vacuo, yielding [H2Ru(Triphos)(CO)] I-3 
(62.8 mg, 0.083 mmol, 83% yield). 
 
1H-NMR (600 MHz, 25°C, d2-dichlormethane, TMS): δ 7.64 (m, 8H, CAr-H), 7.28 (m, 4H, CAr-H), 
7.13 (m, 2H, CAr-H), 7.10 - 7.02 (m, 8H, CAr-H), 7.02 – 6.96 (m, 8H, CAr-H), 2.28 (dd, J = 15.2, 6.8 Hz, 
2H, CH2), 2.16 (dd, J = 15.2, 6.8 Hz, 2H, CH2), 2.10 (d, J = 8.2 Hz, 2H, CH2), 1.48 (s, 3H, CH3), -7.35 (m, 
2H, Ru-H) ppm. 
13C-NMR (150 MHz, 25°C, d2-dichlormethane, TMS): δ 209.7 (m, CO), 141.3 (m, CAr), 139.5 (m, CAr), 
138.6 (d, J = 41.4 Hz, CAr-H), 132.7 (m, CAr-H), 132.3 (d, J = 12.8 Hz, CAr-H), 131.4 (m, CAr-H), 128.9 (d, 
J = 14.5 Hz, CAr-H), 128.6 (s, CAr-H), 128.2 (s, CAr-H), 127.9 (m, CAr-H), 39.1 (m, CH3), 38.8 (m, CCH3), 
35.4 (m, CH2PPh2), 33.7 (m, CH2PPh2) ppm. 
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31P-NMR (243 MHz, 25°C, d2-dichlormethane, H3PO4): δ 34.5 (t, J = 32.3 Hz, 1P), 
26.7 (d, J = 32.3 Hz, 2P) ppm.  
HR-ESI-MS (DCM) C42H40OP3Ru+ [M-H] calc.: 755.134, found: 755.134 m/z. 
Data is in consistence with literature.[47] 
 
4.4.1.4 Synthesis and Characterization of [Ru(Triphos)(μ-H)]2 I-4 
Isolation of  I-4 in high pressure NMR experiment: A high pressure NMR tube was charged with I-1 
(7.8 mg, 0.01 mmol) and methylbenzoate (17.7 mg, 0.13 mmol) in 0.4 mL d8-THF. After pressurizing with 
50 bar H2 the HP-NMR tube was shaken carefully until the measured pressure remained constant. Finally 
the pressurized tube was left overnight at room temperature. Then the reaction was observed by heating in 
an oilbath at 140°C. The progress was checked in 0.5 h intervals. After 8 h the HP tube was vented in the 
glovebox and the reaction solution transferred to a schlenk flask. Cooling overnight resulted in 
precipitation of  complex I-4 as orange powder, which was separated from the solution and dried in vacuo. 
Synthesis of  I-4 through reaction of  I-1 with hydrogen: [Ru(Triphos)TMM] I-1 (78.1 mg, 0.1 mmol) was dissolved 
in 3 mL dioxane and the corresponding solution transferred to a 10 mL steel finger autoclave equipped 
with magnetic stirring bar. After pressurizing with 50 bar hydrogen the reactor was heated at 160 °C for 
16 h. The resulting orange suspension was transferred to a schlenk tube and allowed to settle. The 
supernatant was decanted and the resulting orange residue washed two time with 2 mL THF and 2 mL 
pentane. The resulting orange powder was recrystallized from dioxane and dried in vacuo and yielded I-4 
(37.8 mg, 0.024 mmol, 48% yield). 
 
1H-NMR (600 MHz, 25 °C, d2-dichlormethane, TMS): δ 7.20 (bs, 24H, CAr-H), 7.13 (m, 12H, CAr-H), 
6.76 (m, 24H, CAr-H), 2.26 (bs, 12H, P-CH2), 1.54 (s, 6H, CH3), -8.84 (m, 2H) ppm. 
13C-NMR (151 MHz, 25 °C, d2-dichlormethane, TMS): δ 138.9 (m, CAr), 132.9 (s, CAr-H), 
129.5 (s, CAr-H), 128.3 (m, CAr-H), 38.2 (m, CH3), 37.7 (m, (Ph2PCH2)3C-CH3), 34.7 (m, P-CH2) ppm.  
31P-NMR (243 MHz, 25°C, d2-dichlormethane, H3PO4): δ 42.9 (s, 6P) ppm.  
SIMS C82H80P6Ru2 [M+H] calc.: 1455.3 m/z, found: 1455.0 m/z.  
ESI-MS (THF) C82H80P6Ru2 [M+H] calc.: 1455.3, found: 1455.0 m/z. 
HR-ESI-MS (DCM/MeOH) C82H81P6Ru2 [M+H] calc.: 1455.286 m/z, found: 1455.294 m/z. 
Data is in consistence with literature.[24]  
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4.4.1.5 Synthesis of [Fe(Triphos)TMM] 
[Fe(Triphos)TMM] Fe-1 was prepared in analogy to the procedure reported by Dixneuf.[44] 
A 10 mL Schlenk tube was charged with anhydrous FeCl2 (62 mg, 0.5 mmol) and Triphos 
(312 mg, 0.5 mmol). These were stirred at room temperature in 3.5 mL THF for 2 h and then refluxed at 
70 °C for 2 h. The resulting pale yellow solution was treated with magnesia (40 mg, 1.65 mmol). 
Subsequently, 3-chloro-2-(chloromethyl)prop-1-ene (83.5 mg, 0.67 mmol) was added dropwise to the 
suspension. The solution changed colour from yellow over orange to deep brown. The THF was 
evaporated and the residue was extracted with 10 mL toluene, filtered and concentrated. The toluene 
solution was treated with 20 mL pentane and an orange powder precipitated. This was recrystallized from 
toluene/pentane yielding the title compound as yellow powder (168.8 mg, 0.23 mmol, 46%). 
 
1H-NMR (400 MHz, 25°C, d6-benzene, TMS): δ 7.09 (bs, 12H, CAr-H), 6.89 (m, 6H, CAr-H), 
6.80 (m, 12H, CAr-H), 2.33 (bs, 6H, P-CH2), 2.02 (s, 6H, CH2-TMM), 1.26 (s, 3H, CH3) ppm. 
13C-NMR (100 MHz, 25 °C, d2-dichlormethane, TMS): δ 142.4 (m, CAr), 132.9 (m, CAr-H), 130.8 (m, 
CAr-H), 127.7 (m, CAr-H), 103.8 (m, C(CH2)32), 46.5 (m, C(CH2)32-), 39.2 (s, CH3), 37.5 (m, CH2-P), 36.0 
(m, Ph2PCH2)3C-CH3) ppm. The assignment of the quarternary carbons is only tentative because no clear 
correlation was found in the 1H-13C-HMBC spectra. 
31P-NMR (161 MHz, 25°C, d6-benzene, H3PO4): δ 55.2 (s, 3P) ppm. 
ESI-MS (THF) C45H46P3Fe calc.: 734.2 m/z, found: 734.2 m/z. 
 
4.4.2 Procedures for Catalytic Experiments 
4.4.2.1 Catalytic Hydrogenation of Methylbenzoate 
In a typical experiment a 10 mL steel autoclave equipped with a glass liner and stirring bar was put under 
argon atmosphere by evacuating for 15 min and flushing with argon for three cycles. Then 
methylbenzoate (136.1 mg, 1.00 mmol) and complex I-1 (7.80 mg, 0.01 mmol) dissolved in 1 mL dioxane 
were added to the autoclave via a syringe. After the addition, the autoclave was pressurized with 50 bar H2 
and heated for 16 h at 140 °C. After the desired reaction time, the reaction was quenched in an ice bath 
and subjected to GC and NMR analysis.  
Analogue procedures were used for hydrogenation of all other carboxylic and carbonic acid derivatives. 
Substrates with higher boiling points (bp > 200 °C) were weighed into the glass liner before evacuating 
the autoclave. 
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4.4.2.2 Catalytic Hydrogenation of Carbon dioxide 
[Ru(Triphos)TMM] I-1 (15.6 mg, 0.025 mmol), HNTf2 (7 mg, 0.025 mmol) and ethanol 
(460 mg, 10 mmol) were dissolved in 2 mL THF and cannulared to a 10 mL steel finger autoclave. This 
autoclave was pressurized with 10 bar CO2 and 30 bar hydrogen in successive manner and heated at 
140 °C for 24 h. After the desired reaction time, the reaction was quenched in an ice bath and subjected to 
NMR and GC analysis.  
 
4.4.2.3 Catalytic Hydrogenation of Amino acids 
In a typical experiment a 10 mL steel autoclave equipped with a glass liner and stirring bar was charged 
with L-valine (58.1 mg, 0.5 mmol) and evacuated / flushed with argon for three cycles. After this I-1 
(3.9 mg, 0.005 mmol) dissolved in 0.5 mL dioxane was added to the autoclave via syringe. Finally, 1.5 mL 
of degassed water was added and the sealed autoclave pressurized with 50 bar of hydrogen and heated in 
an aluminium cone. After the desired reaction time, the reaction was quenched in an ice bath and 
subjected to NMR analysis.  
 
4.4.2.4 Catalytic N-Methylation with CO2 and H2 
Catalytic experiments were conducted in stainless steel 10 mL autoclaves equipped with a glass inlet and a 
magnetic stirring bar. Prior to use, the autoclave was dried under vacuum for 3 times and repeatedly filled 
with argon. Under an argon atmosphere, catalyst [Ru(Triphos)TMM] I-1 (19.5 mg, 0.025 mmol) and 
HNTf2 (14 mg, 0.05 mmol) were weighed in a Schlenk tube. After dissolving in THF (1.0 mL), the 
mixture was transferred via syringe to the autoclave followed by the addition of the aniline substrate 
(1.0 mmol) in THF (1.0 mL). The autoclave was then pressurized with CO2 to 20 bar and then H2 was 
added up to a total pressure of 80 bar. The reaction mixture was stirred and heated to 150 °C in an oil 
bath. After 10 h, the autoclave was cooled in an ice bath and then carefully vented. The reaction solution 
was analyzed by 1H-NMR with internal standard mesitylene and the results confirmed by gas 
chromatography using n-dodecane as internal standard. 
 
4.4.2.5 Upscaling of Catalytic Hydrogenation of Amino acids 
A 200 mL steel finger autoclave equipped with mechanic stirrer and a glass liner was charged with L-valine 
(1.758 g, 15 mmol) and evacuated / flushed with argon for three cycles. After this I-1 
(117 mg, 0.15 mmol) dissolved in 20 mL dioxane was added to the autoclave via syringe. Finally, 60 mL of 
degassed water was added and the sealed autoclave pressurized with 50 bar of hydrogen. The pressure was 
held constant via continuous dosing of hydrogen. After the desired reaction time, the reaction was 
quenched in an ice bath and the reaction solution was transferred to 250 mL flask and reduced in vacuo. 
The resulting residue was dissolved in 200 mL dichlormethane and stirred for 2 h. The resulting 
suspension was dried over magnesium sulfate (MgSO4) and filtered. Concentration in vacuo gave 1.293 g 
of the crude as yellow oil. The crude was distilled at 10 mbar and 90 °C to give 0.999 g (64%) of the 
mixture of valinol 2 and 3-methylbutane-1,2-diol 3 as colorless oil. The ratio between 2 and 3 was 69 % to 
31 % as determined by 1H-NMR integration. 
 
 
70 |4.4 Synthetic and Catalytic Procedures  
 
Valinol:[100]  
 
1H-NMR (400 MHz, 25°C, d-chloroform, TMS): δ 3.58 (dd, J = 10.5, 3.8, Hz, 1H, CH2OH), 
3.24 (dd, J = 10.5, 8.7 Hz, 1H, CH2OH), 2.49 (m, 1H, CH-NH2), 2.25 (bs, 3H, OH and NH2), 
1.51 (m, 1H, CH), 0.85 (t, J =5.8 Hz, 6H, CH3) ppm. 
13C-NMR (100 MHz, 25°C, d-chloroform, TMS): δ 64.7 (CH2OH), 58.5, (CHNH2), 31.7 (CH(CH3)2), 
19.3 (CH3), 18.4 (CH3) ppm. 
GC-MS C5H13NO calc. 103.1 m/z, found 103.1 m/z. 
 
3-Methylbutane-1,2-diol:[76] 
 
1H-NMR (400 MHz, 25°C, d-chloroform, TMS): δ 3.61(dd, J = 11.2, 2.4 Hz, 1H, CH2OH), 
3.41 (dd, J = 11.2, 8.0 Hz, 1H, CH2OH), 3.33 (m, 1H, CH-OH), 2.25 (bs, 2H, OH), 1.62 (m, 1H, CH), 
0.90 (d, J = 6.8 Hz, 3H, CH3), 0.86 (d, J = 7.2 Hz, 3H, CH3) ppm. 
13C-NMR (100 MHz, 25°C, d-chloroform, TMS): δ 74.2 (CHOH), 64.7 (CH2OH), 31.0 (CH(CH3)2), 
18.8 (CH3), 18.2 (CH3) ppm. 
GC-MS C5H12O2 calc. 104.1 m/z, found: 104.1 m/z. 
 
Figure 22 1H-13C-HSQC-NMR (CDCl3) of product mixture isolated from the upscale hydrogenation of L-valin. 
7 
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4.5. Analytic Data of observed Complexes I-2 and I-5 
A detailed study of the formation of I-2 and I-5 can be found in the master thesis of D. Limper.[53] As 
both species were only observed under catalytic conditions, their assignment was made based on the 
characteristic 1H-NMR hydride signals and the respective 31P-NMR shifts.   
Complex [H2Ru(Triphos)THF] I-2-THF 
 
1H-NMR (300 MHz, 25°C, d8-THF, TMS): δ -6.84 (m, 2H) ppm. 
31P-NMR (121 MHz, 25°C, d8-THF, TMS): δ 38.0 (bs) ppm. 
The observed hydride signal as well as the 31P-NMR signal is in good agreement with [Ru(Triphos)H4] 
reported by Bianchini in d6-benzene.[39] 
 
Complex [HRu(Triphos)(μ-H)]2 I-5  
 
1H-NMR (300 MHz, 25°C, d8-THF, TMS): δ -8.63 (m, 4H) ppm. 
31P-NMR (121 MHz, 25°C, d8-THF; TMS): δ 43.7 (bs) ppm. 
The observed data is in agreement with the reported NMR data of I-5 in d6-benzene.[39] 
 
Characterisation of I-2 and I-5 by trapping with CO (see figure 4): A 10 mL schlenk tube was charged with 
[Ru(Triphos)TMM] I-1 (7.8 mg, 0.01 mmol) and 1 mL d8-THF. The resulting yellow solution was 
transferred to a 10 mL steel finger autoclave and pressurized with 45 bar hydrogen. The autoclave was 
then heated for 14 h at 140 °C in an oilbath. After quenching in an ice bath, the reaction solution was 
subjected to NMR analysis (figure 4 a). 
In an analogus procedure the autoclave was vented after quenching and pressurized again with 9 bar of 
CO and stirred for 45 min at room temperature. After careful venting and transfer to a screw cap NMR 
tube, the solution was again analyzed by 1H-NMR and 31P-NMR (figure 4 b).  
Characterisation of I-2 by trapping with Me2PPh (scheme 9): A 10 mL stainless steel autoclave equipped with glas 
inlet, magnetic stirring bar was evacuated under high vacuum and refilled with argon at least three times. 
Subsequently, it was charged with a solution of [Ru(Triphos)TMM] I-1 (15.6 mg, 0.02 mmol) and 
dimethylphenlyphosphine (13.8 mg, 0.1 mmol, Me2PPh) in d8-THF (1.0 mL). The reactor was pressurized 
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with 50 bar H2 and placed into an oil bath preheated to 140 °C. After 16 h the reaction was quenched in 
an ice bath and vented. The reaction solution was transferred to a young tube for NMR-studies via 
cannula.  
 
 
1H-NMR (600 MHz, 25°C, d8-THF, TMS): δ 7.63 -7.55 (m, CHAr, 10 H), 7.13 (m, 2H, CHAr), 
7.09 (m, 1H, CHAr), 6.97 (m, 2H, CHAr), 6.90 (m, 2H, CHAr), 6.86 – 6.77 (m, 18 H, CHAr), 2.33 - 2.27 
(m, 2H, CH2), 2.22 – 2.15 (m, 2H, CH2), 2.02 (d, J = 7.8 Hz, 2H, CH2), 
1.40 (d, J = 2.2 Hz, 3H, CH3 Triphos), 1.34 (d, J = 7.2 Hz, 6 H, CH3 Me2PPh), -7.94 (m, 2H, Ru-H) ppm. 
13C-NMR (150 MHz, 25°C, d8-THF, TMS): δ 148.9 (d, J = 28.8 Hz, CAr), 146.6 (bs, CAr), 143.2 
(d, J = 39.0 Hz, CAr), 142.0 (m, CAr), 134.0 (t, J = 7.4 Hz, CAr-H), 132.5 (m, CAr-H), 130.8 
(d, J = 9.2 Hz , CAr-H), 128.1 - 127.7 (m, CAr-H), 127.5 - 127.2 (m, CAr-H), 39.5 (m, CH3 Triphos), 39.2 
(m, CH2), 38.9 (m, CH2), 34.7 (m, CH2), 27.2 (d, J = 27.1 Hz, CH3) ppm. 
31P-NMR (243 MHz, 25°C, d8-THF, H3PO4): δ 46.7 (dt, J = 230.0, 26.6 Hz, 1P), 31.1 
(t, J = 26.5 Hz, 2P), 9.4 (dt, J = 231.0, 26.2 Hz, 1P) ppm. 
HR-ESI-MS (d8-THF/MeOH): C49H51P4Ru+ [M-H] calc. 865.199, found 865.202 
Isobutene:[101] 
1H-NMR (600 MHz, 25°C, d8-THF, TMS): δ 4.59 (sept, J = 1.2 Hz, 2H, CH2), 1.66 
(t, J = 1.2 Hz, 6H, CH3) ppm. 
13C-NMR (150 MHz, 25°C, d8-THF, TMS): δ 142.4, 110.8, 24.0 ppm 
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4.6. Analytic Data of Products 
All recorded data was in agreement with reported literature (see citations) and reference measurements 
with commercial analogues.  
 
1,4-Butanediol:[102]  
 
1H-NMR (300 MHz, 25°C, d6-dimethylsulfoxide, TMS): δ 4.44 (t, J = 5.2 Hz, 2H), 3.39 (m, 4H), 1.43 
(m, 4H) ppm.  
13C-NMR (75 MHz, 25°C, d6-acetone, TMS): δ 62.6, 30.4 ppm.  
 
Methyl-4-hydroxybutanoate:[103] 
 
1H-NMR (300 MHz, 25°C, d6-dimethylsulfoxide, TMS): δ 4.45 (t, J = 5.2 Hz, 1H), 3.58 
(s, 3H partly obscured by dioxane), 3.52 (t, J = 6.9 Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 1.69 
(quint, J = 6.9 Hz, 2H) ppm. 
13C-NMR (75 MHz, 25°C, d6-acetone, TMS): δ 174.3, 61.6, 51.6, 30.9, 28.9 ppm. 
 
γ-Butyrolactone:[104]  
 
1H-NMR (300 MHz, 25°C, d6-dimethylsulfoxide, TMS): δ 4.27 (t, J = 7.0 Hz, 2H), 2.42 
(t, J =7.9 Hz, 2H), 2.16 (quint, J = 7.6 Hz, 2H) ppm. 
13C-NMR (75 MHz, 25°C, d6-acetone, TMS): δ 177.9, 68.9, 28.1, 22.8 ppm. 
 
1,4-Methylbutanediol:[105] 
 
1H-NMR (300 MHz, 25°C, d6-dimethylsulfoxide, TMS): δ 4.42 (t, J = 5.3 Hz, 1H), 4.35 
(t, J = 5.3 Hz, 1H), 3.50 – 3.35 (m, 2H), 3.29 – 3.13 (m, 2H), 1.67 – 1.45 (m, 2H), 1.23 – 1.11 (m, 1H), 
0.82 (d, J = 6.6 Hz, 3H) ppm.  
13C-NMR (75 MHz, 25°C, d6-acetone, TMS): δ 68.2, 60.9, 37.8, 34.2, 17.5 ppm.  
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1,4-Pentandiol:[106]  
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 4.42 – 4.32 (m, 2H), 3.57 (m, 1H), 
3.44 - 3.33 (m, 2H), 1.54 – 1.24 (m, 4H), 1.03 (d, J = 6.1 Hz, 3H) ppm. 
13C-NMR (75 MHz, 25°C, d6-acetone, TMS): δ 67.7, 62.8, 36.9, 30.2, 24.2 ppm. 
 
Methanol:[98] 
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 4.04 (q, J = 5.2 Hz, 1H), 3.20 
(d, J = 5.2 Hz, 3H) ppm.  
13C-NMR (75 MHz, 25°C, d6-acetone, TMS): δ 50.0 ppm. 
 
1,2-Propandiol:[107] 
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 4.52 – 4.38 (m, 2H), 3.60 (m, 1 H), 
3.33 - 3.15 (m, 2H), 1.01 (d, J = 6.2 Hz, 3H) ppm.  
13C-NMR (75 MHz, 25°C, d6-acetone, TMS): δ 68.8, 68.6, 19.8 ppm.  
 
N-ethylaniline:[108] 
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 7.00 (t, J = 7.8 Hz, 2H), 6.57 
(d, J = 8.6 Hz, 1H), 6.50 (t, J = 7.4 Hz, 2H), 4.90 (brs, 1H), 3.48 (q, J = 7.0 Hz, 2H,), 1.09 
(t, J = 7.0 Hz, 3H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 149.1, 129.8, 117.7, 115.2, 57.9, 19.1 ppm.  
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Aniline:[109] 
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 7.09 (t, J = 7.8 Hz, 2H), 6.69 
(t, J = 8.0 Hz, 2H), 6.60 (t, J = 7.3 Hz, 1H), 4.99 (s, 2H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 149.4, 129.6, 117.4, 115.1 ppm.  
 
N-methylaniline:[110] 
   
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 7.08 (m, 2H), 6.55 (m, 3H), 5.51 (bs, 1H). 
2.69 (d, J = 4.9 Hz, 3H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 151.0, 129.7, 115.2, 112.8, 30.6 ppm. 
  
N,N-dimethylaniline:[111] 
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 7.18 (m, 2H), 6.72 (d, J = 8.1 Hz, 2H), 
6.65 (t, J = 7.3 Hz, 1H), 2.89 (s, 6H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 151.0, 129.7, 116.8, 112.8, 40.7 ppm. 
 
N-phenylformamide:[112]  
  
N-phenylformamide is present in two confomers with a ratio of cis : trans of 1 : 3[113] therefore the double 
amount of the expected protons and carbons were detected. 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 10.17 (bs, NH, 2H), 8.82 
(d, J = 10.9 Hz, cis-CHO), 8.29 (d, J = 1.8 Hz, trans-CHO) the sum of the integral of the aldehyde function 
accounts for 2 H, 7.62 (d, J = 7.6 Hz, 3H), 7.31 (t, J = 7.6 Hz, 4 H), 7.20 (d, J = 7.6Hz, 1H), 7.07 (m, 2H) 
ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ cis: 162.5, 139.6, 130.3, 124.7, 118.6 ppm. trans: 159.7, 
141.1, 129.6, 124.4, 120.1 ppm. 
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Dibenzylamine:[114]  
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 7.42 (d, J = 7.4 Hz, 4H), 7.36 
(t, J = 7.4 Hz, 4H), 7.27 (t, J = 7.4 Hz, 2H), 3.71 (s, 4H). 2.56 (bs, 1H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 141.9, 129.1, 128.9, 127.5, 53.7 ppm. 
 
Dibutylamine:[115] 
   
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 2.56 – 2.42 (m, 4H), 1.44 – 1.23 (m, 8H), 
0.88 (t, J = 7.2 Hz, 6H) ppm. The NH proton was obscured by dioxane. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 50.4, 33.1, 21.2, 14.5 ppm. 
 
1,3-Butanediol:[116]  
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 4.29 (m, 2H), 3.74 (m, 1H), 3.49 (m, 2H), 
1.50 (m, 2H), 1.07 (d, J = 6.5 Hz, 3H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 66.3, 60.4, 42.4, 24.3 ppm.  
 
Benzyl alcohol:[117] 
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 7.33 (m, 4H), 7.24 (m, 1H), 5.14 (bs, 1H), 
4.52 (bs, 2H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 143.6, 129.0, 127.7, 127.5, 64.7 ppm. 
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p-Toluidine:[118] 
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 6.84 (d, J = 8.3 Hz, 2H), 6.51 
(d, J = 8.3 Hz, 2H), 5.02 (bs, 2H), 2.20 (s, 3H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 143.7, 130.1, 120.3, 115.4, 20.9 ppm.  
 
N–methyl-p-toluidine:[119] 
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 6.90 (d, J = 8.5 Hz, 2H), 6.45 
(d, J = 8.5 Hz, 2H), 5.02 (bs, 1H), 2.65 (s, 3H), 2.16 (s, 3H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 146.6, 130.3, 119.2, 112.9, 30.9, 20.6 ppm. 
 
N,N-dimethyl-p-toluidine:[120] 
   
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 6.99 (d, J = 8.2 Hz, 2H), 6.65 
(d, J = 8.2 Hz, 2H), 2.84 (s, 6H), 2.14 (s, 3H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 149.9, 130.2, 119.2, 113.8, 41.1, 20.4 ppm.  
 
1-Hexanol:[121]  
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 4.09 (t, J = 5.2 Hz, 1H), 3.14 
(td, J = 6.6, 5.2 Hz, 2H), 1.23-1.11 (m, 2H), 1.11-0.93 (m, 6H), 0.62 (t, J = 7.1 Hz, 3H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 62.6, 33.8, 32.6, 26.4, 23.5, 14.5 ppm. 
 
For the 1H-NMR data of the amino alcohols the protons of the –OH and NH2 functions were not listed, 
because the respective chemical shifts varied greatly with the exact composition and acidity of the aqueous 
reaction solution. 
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Valinol:[100] 
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 3.40 (dd, J = 10.3, 4.6 Hz, 1H), 3.17 
(dd, J = 10.3, 7.5 Hz, 1H), 2.42 (m, 1H), 1.56 (m, 1H), 0.82 (t, J = 7.6 Hz, 6H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 64.5, 57.9, 30.0, 19.6, 17.7 ppm. 
 
Glycinol:[122] 
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 3.39 (t, J = 5.7 Hz, 2H), 2.59 
(t, J = 5.7 Hz, 2H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 65.4, 45.6 ppm. 
 
Tyrosinol:[123]  
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 6.98 (d, J = 8.4 Hz, 2H), 6.67 
(d, J = 8.4 Hz, 2H), 3.30 (dd, J = 10.4, 6.6 Hz, 1H), 3.17 (dd, J = 10.4, 6.6 Hz, 1H), 2.81 (m, 1H), 2.55 
(dd, J = 13.2, 7.4 Hz, 1H), 2.34 (dd, J = 13.2, 7.4 Hz, 1H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 156.1, 131.3, 130.9, 116.3, 70.5, 59.9, 38.0 ppm. 
 
Leucinol:[124] 
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 3.30 (dd, J = 10.3, 4.5 Hz, 1H) 3.11 
(dd, J = 10.3, 4.5, 1H), 2.67 (m, 1H), 1.67 (m, 1H), 1.20- 0.99 (m, 2H), 0.83 (m, 6H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 71.3, 56.7, 42.4, 26.6, 23.3, 22.9 ppm.  
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Alaninol:[125]  
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 3.24 (dd, J = 10.5, 5.1 Hz, 1H), 3.12 
(dd, J = 10.5, 6.9 Hz, 1H), 2.76 (m, 1H), 0.90 (d, J = 6.5 Hz, 3H). 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 67.3, 48.6, 18.0 ppm. 
 
Phenylalaninol:[123b]  
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 7.31-7.11 (m, 5H), 3.30 
(dd, J = 10.4, 6.6 Hz, 1H), 3.19 (dd, J = 10.4, 6.6 Hz, 1H), 2.87 (m, 1H), 2.66 (dd, J = 13.3, 6.0 Hz, 1H), 
2.42 (dd, J = 13.3, 6.0 Hz, 1H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 139.7, 130.3, 129.4, 127.3, 70.5, 59.9, 39.1 ppm. 
 
γ-Butyrolactam:[126] 
  
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 3.22 (t, J = 6.9 Hz, 2H), 2.11 
(dd, J =14.4, 7.9 Hz, 2H), 2.02 – 1.90 (m, 2H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 182.2, 43.8, 30.1, 21.2 ppm. 
 
Pyrrolidine:[98] 
 
1H-NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 2.69 (m, 4H), 1.58 (m, 4H) ppm. 
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 46.6, 25.6 ppm. 
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Lysinol: 
 
1H-NMR (300 MHz, 25 °C, d4-methanol, TMS): δ 3.55 -3.46 (m, 2H), 2.68- 2.58 (m, 3H), 1.8 – 1.2 
(m, 6 H) ppm.  
13C-NMR (75 MHz, 25 °C, d4-methanol, TMS): δ 66.8, 54.4, 41.8, 33.9, 32.6, 24.3 ppm. 
 
Methionol:[127] 
 
1H NMR (300 MHz, 25 °C, d6-dimethylsulfoxide, TMS): δ 3.40 -3.18 (m, 2H), 2.62 -2.39 (m, 3H), 
2.03 (s, 3H), 1.77 – 1.36 (m, 2H) ppm.  
13C-NMR (75 MHz, 25 °C, d6-acetone, TMS): δ 65.6, 51.9, 33.1, 29.9, 14.6 ppm. 
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4.7 Computational Methods15  
All calculations in this thesis were carried out with the Gaussian09 program (Revision A02).[128] All 
structures were optimized initially using the M06-L[129] functional and the def2-SVP[130] basis set with the 
associated ECP for Ruthenium.[131] The automatic density fitting approximation was activated.[132] The 
geometries obtained were input to frequency calculations to prove the existence of local minima and 
transition states (i = 0 and 1, respectively). The optimized gas phase structures were used as input for 
geometry optimization and subsequent frequency calculations on M06L/def2-TZVP(ECP) under 
utilization of the IEF-PCM model to include the effect of the solvent (THF) implicitly.[133] An elevated 
pressure was specified[134] to account for entropy effects of the solvent (tetrahydrofuran: 302 atm). Again, 
the optimized structures were characterized to be minima or transition states by performing frequency 
calculations and inspecting the resulting vibrational modes. Thermal corrections were calculated for a 
temperature of 140°C. Table 18 lists the energies of the compounds derived in this way.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
15 DFT calculations were carried out by Dr. M. Hölscher 
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Table 18. Energies (Hartree) of the compounds calculated in this work.
[a] 
Structure Energy thermal correction  
 
E Ezpe H G 
Grel 
[kcal/mol] 
I2 -2939.061094 -2938.24145 -2938.152296 -2938.371132 0.0 
I2a -3166.797658 -3165.952402 -3165.855778 -3166.09248 3.4 
I2b 
-3166.788536 -3165.941038 -3165.845093 -3166.079676 11.4 
I2c -3167.977519 -3167.112539 -3167.014634 -3167.253512 10.2 
I2d -3167.969908 -3167.10298 -3167.004656 -3167.245659 15.1 
I2e -3052.219175 -3051.407899 -3051.315457 -3051.542858 0.4 
I2f -3052.224062 -3051.40942 -3051.31767 -3051.54445 -1.4 
I2g -3053.413168 -3052.580235 -3052.486959 -3052.714823 -0.4 
I2h -3053.414881 -3052.57919 -3052.485842 -3052.713963 3.6 
TSI2a-I2b -3166.777886 -3165.933876 -3165.838367 -3166.07045 17.2 
TSI2c-I2d -3167.953536 -3167.090895 -3166.993883 -3167.230308 24.8 
TSI2g-I2h -3052.211815 -3052.211815 -3051.309506 -3051.537458 3.6 
TSI2g-I2h -3053.395871 -3052.565157 -3052.472659 -3052.698844 3.0 
benzaldehyde -345.6566455 -345.546778 -345.533946 -345.585398  
methyl 
benzoate 
-460.2428251 -460.09912 -460.082131 -460.143992  
benzylalcohol -346.8538861 -346.720594 -346.70634 -346.761381  
hemiacetal -461.4111624 -461.245205 -461.226866 -461.292015  
methanol -115.7527797 -115.70143 -115.69498 -115.727484  
tetrahydrofuran -232.5020398 -232.384840 -232.379830 -232.406386  
H2 -1.1718238 -1.161948 -1.157368 -1.171894  
[a] M06-L/def2-TZVP(ECP); IEFPCM solvent=tetrahydrofuran; p = 302 atm; T = 413.15 K. 
ΔGr = -0.8 kcal/mol.  
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1 Introduction 
1.1. Motivation and Background 
Dwindling petrol resources as well as the concomitant increasing climate issues require a re-routing of the 
production of fuels and commodity chemicals from fossil carbon resources to renewable raw materials.[1] 
This challenge is addressed in the concept of bio-refineries.[2] In this approach biomass raw materials are 
disintegrated in a stepwise manner to lead from the raw material to fuel candidates and platform 
molecules.[3] The complex chemical nature of these bio-polymers gives access to a broad variety of richly 
functionalized products, which otherwise would need to be synthesized from hydrocarbon precursors.[4] 
Thus in addition to the sustainability aspect the use of biomass materials is attractive because nature’s 
synthetic potential can be exploited. In this regard lignocellulose materials like wood represent suitable 
feedstock candidates for the bio-refinery, since they are readily available and do not compete with the 
food industry. Lignocellulose consists of three main constituents: cellulose, hemicellulose and lignin.[5] 
And while there are already various established methods to convert the sugar based carbohydrate fractions 
cellulose and hemicellulose,[6] chemical valorization of lignin still imposes a great challenge.[7] Lignin 
exhibits a multifaceted macromolecular network structure based on chemically inert C-C and C-O bond 
linkages, which makes it recalcitrant to any chemical modification. In consequence the 50 Mio. tons of 
lignin produced per year in the pulping industry alone are primarily used for incineration. In this way 
15-30 wt% and thereby 40% of the energy content of lignocellulose materials remains chemically 
unexploited.[8] It is clear therefore that a holistic bio-refinery scheme needs to involve a process for the 
depolymerization of lignin.[7-8] 
 
1.2 State of the Art 
1.2.1 Current Understanding of Lignin Bio-Synthesis and Structure 
Despite the tremendous advances of analytical methods since the early days of lignin chemistry of Fuchs[9] 
and Adler,[10] the structure of native lignin is still unknown. On the one hand there is an intrinsic 
methodical problem, since the necessary isolation of lignin from any plant material (e.g. organosolv or 
kraft process) is always accompanied by chemical alteration to a certain degree.[11] On the other hand the 
immense complexity of the lignin structure, which varies with every plant species, represents a great 
analytical challenge. In spite of these barriers, the current understanding of the bio-synthesis of lignin can 
be traced back to three distinguished monomers or monolignols (scheme 1).[12]  
 
Scheme 1. Structures of monolignols. 
As shown in scheme 1, the three monolignols coumaryl-, coniferyl- and sinapyl alcohol represent 
methoxylated and hydroxylated cinnamyl alcohol derivatives, which are derived from phenylalanine. 
Polymerization by free radical coupling of the respective phenol functionalities of these three monomers 
then builds up the aromatic polymeric network of lignin.[12a, 12c] A schematic representation of the resulting 
structure is shown in scheme 2, the respective monolignol subunits are highlighted.  
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Scheme 2. Schematic structure of lignin highlighting the structural motifs of the monolignols. 
The relative abundance of these subunits varies with every plant species. For example hardwood lignin 
constitutes of equal numbers of coniferyl and sinapyl units, whereas softwood is mainly based on coniferyl 
alcohol (approximately 90%).[8] The combination of these three building blocks results in a range of 
complex linkages. The most abundant examples are shown in scheme 3. 
 
Scheme 3. Structures of common lignin linkages. 
The binding motif of the respective linkages can be distinguished into three categories: arylether linkages 
(β-O-4 A, 4-O-5 D), furan based linkages (β-β B, β-5 C) and C-C linked moieties (β-1 E, 5-5’ F). The 
relative content of these linkages varies again greatly with each plant species.[8, 12c, 12d] However, the most 
abundant one is always the β-O-4 A motif, which therefore represents a viable target for catalytic 
depolymerization methodologies. 
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1.2.2 Homogeneous Catalytic Systems for the Cleavage of Lignin Model Compounds 
The urgency to find potential pathways towards lignin valorization has fostered efforts in all fields of 
catalysis ranging from thermochemical to enzymatic methods.[7-8, 13] In view of the scope of this chapter, 
the discussion will be confined to the most important examples of homogeneous catalytic systems. 
In general, homogeneous catalysts bear great potential for the targeted lignin depolymerization due to 
certain key features. Firstly, lignin as a macromolecular substrate is more susceptible towards mobile 
homogeneous catalysts than to their heterogeneous counterparts. Furthermore, the use of homogeneous 
systems allows a control of selectivity on the molecular level. In view of the complexity of lignin and the 
associated numerous potential products, this is a crucial requirement in order to control the product 
spectrum of potential depolymerization systems.  
Due to the multifaceted network structure and high functionality of lignin, the use of model compounds 
mimicking certain structural motifs of lignin is a suitable approach to explore new homogeneous catalytic 
systems.[14] Along this line, aryl ether bonds represent an important part of the lignin structure. Therefore 
homogeneous system able to cleave these bonds would be promising candidates for a catalytic lignin 
depolymerization. However, activation of the stable aryl ether bond to promote a subsequent cleavage is a 
considerable challenge in organometallic chemistry. In this regard, Ir- and Ni-based systems have shown 
promising results. In fact, the latter has led to the development of a rich cross coupling chemistry 
involving phenolic starting materials.[15] A breakthrough in this field was the discovery of Hartwig and co-
workers in 2011, who were able to afford the first catalytic cleavage of simple aryl ether molecules with 
hydrogen and a simple Ni-based in situ system (scheme 4).[16]   
 
 
Scheme 4. Cleavage of diphenylether by Hartwig nickel based system.[16] 
In this work,[16] they were able to stabilize the Ni(0) species, necessary to activate the C-O bond by N-
heterocyclic carbine (NHC) ligand SiPr (1,3-bis(2,6-diisopropylphenyl)imidazolidene). In this way, the 
cleavage of an array of diphenylether derivatives was possible. On the other hand, stochiometric amounts 
of base and high catalyst loadings were required to afford sufficient catalytic efficiency.  
While these results are very promising, diphenylether is a very simplified model compound, which neglects 
most of the structural features of the abundant lignin linkages (see scheme 3). Therefore in another 
approach, model compounds with higher molecular complexity and therefore closer resemblance to the 
structural motif of the abundant β-O-4 linkage have been studied as substrates (scheme 5). 
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Scheme 5. Cleavage of the dilignol β-O-4 linkage model compound with homogeneous catalysts. 
In this regard, dilignol model compounds have been widely used to develop lignin depolymerization 
catalysts.[14a] As depicted in scheme 5, the studies using this type of compound can be distinguished into 
two fields: oxidative and reductive bond cleavage pathways. 
Catalytic oxidative cleavage of lignin has a long historical background in the field of catalytic bleaching in 
the pulp and paper industry.[17] Recent advances in this field have yielded various systems based on V, Co 
and Cu or even metal-free alternatives promoting the selective oxidative disintegration of β-O-4 model 
compounds.[18] For example, the vanadium oxo complex based on a salicyliden-3-hydroxy-1-propylamin 
ligand B reported by Toste et al. afforded the C-O bond cleavage of a range of 1,3-dilignols in high 
selectivity.[18d], 1 On the other hand, an analogue vanadium catalyst featuring hydroxyquinoline ligand C 
changed the selectivity of the oxidative disintegration of 1,3-dilignol model compounds towards a novel 
C-C bond cleavage with moderate selectivity.[18b] This example shows that the respective reactivity of the 
homogeneous catalytic systems can be carefully tuned by the ligand design thereby controlling the product 
selectivity on a molecular level. 
On the other hand, examples for the reductive cleavage of 1,3-dilignols are rather scarce. In 2010 
Bergman and Ellman reported the reductive cleavage of 2-aryloxy-1-arylethanols promoted by an in situ 
system comprised of [H2Ru(PPh3)3(CO)] and Xantphos (4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene).[19] This reductive cleavage relies on a tandem dehydrogenation/C-O bond activation 
sequence depicted in scheme 6. First, 2-phenoxy-1-phenylethanol 1 is dehydrogenated by the catalytic 
system to give 2-phenoxyacetophenone 2.[20] The hydrogen equivalent formed in the dehydrogenation step 
is then used to afford the reductive cleavage of the ethereal C-O bond to yield acetophenone 1 a and 
phenol 1 b. This is a very elegant approach, because no external reductant is required. It is important to 
note, that while C-O bond cleavage process itself is reductive, the overall transformation can be 
considered redox neutral because the secondary hydroxyl function is formally oxidized to the ketone in 
course of the reaction. Notably, the [H2Ru(PPh3)3(CO)] / Xantphos combination was the only one, which 
                                                          
1
 It is important to note, that the C-O bond cleavage in B (scheme 5) can formally also be considered as non-
oxidative, but it was categorized as oxidative in this overview because it requires oxygen as reagent in order to be 
efficient.[18d] 
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promoted this reaction with high conversion and selectivity. Subsequent studies have shown that complex 
[H2Ru(Xantphos)(PPh3)(CO)] serves as active precursor for the catalytic turnover.[21]   
 
Scheme 6. Cleavage of 2-phenoxy-1-arylethanol 1 with [H2Ru(PPh3)3(CO)] / Xantphos system. 
Furthermore, Beckham and co-workers have studied the mechanism of the present reaction with DFT 
calculations.[22] In line with the initial mechanistic proposal by Ellman et al.[19] their calculations indicate 
that a Ru(0) complex [Ru(Xantphos)(CO)] complex serves as the active species. Furthermore they 
proposed that the essential C-O bond activation is happening over a five-membered transition state TS-1 
(scheme 6). The present tandem dehydrogenation / C-O bond activation methodology has recently also 
been applied to combine the cleavage of 1 with subsequent alkylation[23] and amidation.[24] 
In more recent studies James et al. applied complex [H2Ru(Xantphos)(PPh3)(CO)] to 1,3-dilignol model 
compounds (scheme 7).[21] As depicted in scheme 7, complex [H2Ru(Xantphos)(PPh3)(CO)] did not 
promote a selective C-O bond cleavage of diol model compound 3-OMe. Only 15 % of guaiacol 3 a was 
observed after treating 3-OMe for 20 h at 135°C. The formation of C-O bond cleavage product 3 a was 
accompanied with the formation of dehydrogenation product 3-OMe c and elimination product 
3-OMe b. These low yields are in contrast to the efficient C-O bond cleavage of the 2-aryloxy-1-
arylethanols promoted by [H2Ru(Xantphos)(PPh3)(CO)]. Furthermore, James et al. have shown that the 
low activity is attributable to a substrate dependent deactivation of the catalytic system due to the 
formation of a catalytically inactive Ru-Xantphos diol complex (scheme 7). 
These studies show that small changes in the substrate structure like an additional hydroxyl function can 
completely change the reactivity. Therefore potential lignin depolymerization catalysts have to be very 
versatile in their reactivity. On the other hand, this tandem dehydrogenation/C-O bond activation 
methodology represents a very promising approach to disintegrate the β-O-4 linkage structure in lignin. 
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Scheme 7. Cleavage of dilignol 3-OMe with [H2Ru(Xantphos)(PPh3)(CO)].[21] 
 
1.2.3 Homogeneous Catalytic System for the Depolymerization of Lignin  
In contrast to the numerous reports on catalytic disintegration of lignin model compounds with 
homogeneous catalysts, examples of application of these protocols to real lignin samples are rather 
scarce.[8] In this regard, the vanadium oxo complex B has recently been applied to lignin isolated from 
miscanthus giganteus.[25] In these studies Toste et al. could show a catalyst mediated shift of the average 
molecular weight by GPC methods as well as the disappearance of β-O-4 linkage correlations signals in 
1H-13C-HSQC NMR measurements. In addition, they could detect small amounts of monomeric products 
such as vanillin at the end of the catalytic reaction. Along the same line, the protocol of Stahl and co-
workers employing AcNH/TEMPO, HCl and HNO3 promoted the oxidative cleavage of the β-O-4 
linkages in aspen lignin.[18g]  
With regard to reductive approaches, Ragauskas et al reported the use of Ruthenium complex 
[Ru(PPh3)3Cl2] in the hydrogenolysis of ethanol organosolv lignin. They observed a slight decrease of the 
average molecular weight Mw of the soluble fraction from 2440 g/mol to 2142 g/mol at a reaction 
temperature of 175°C.[26] Along the same line, the previously discussed [H2Ru(PPh3)3(CO)] / Xantphos in 
situ system of Bergman has been tested on lignin extracted from miscanthus angiosperm. Treating a dioxane 
solution of this lignin with a catalyst loading of 28 wt% for 24 h at 160 °C resulted in a decrease of the 
average Mw from 2069 g/mol to 1180 g/mol.[27]  
While these studies are of a very preliminary nature, they indicate that the catalytic systems developed on 
the basis of model surrogates of the lignin linkages are indeed able to promote lignin depolymerization. 
On the other hand these studies also show, that a complete depolymerizaton of lignin to monomeric 
products with homogeneous catalysts will be challenging. 
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1.3 Challenge and Approach 
The challenge of this work was to develop a new catalytic system, which is able to cleave the linkages in 
lignin by a transfer hydrogenolysis process. A leading goal in this attempt is to induce selectivity in order 
to control the product spectrum on a molecular level. Successful catalysts should then be tested on lignin.  
As initial workhorses, Ruthenium TMM complexes [Ru(Triphos)TMM] I-1 and [Ru(BDEEP)TMM] III-1 
were selected to be tested in the tandem dehydrogenation / C-O bond activation of β-O-4 model 
compounds (scheme 8). The rationale of this approach is that both have been proven to promote catalytic 
hydrogen transfer and C-O bond cleavage in esters and carbonates. 
 
Scheme 8. Ruthenium TMM complexes I-1 and III-1. 
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2. Results and Discussion 
2.1 Catalytic C-O Bond Cleavage of 2-Phenoxy-1-arylethanols 
Initially, standard reaction conditions of Bergman and Ellman were used to promote potential C-O bond 
cleavage of 2-phenoxy-1-phenylethanol 1 with the Ruthenium TMM complexes I-1 and III-1 
(scheme 9).[19]  
 
 
 
Scheme 9. Cleavage of 2-phenoxy-1-phenylethanol 1 with Ruthenium TMM complexes I-1 and III-1. 
As depicted in scheme 9, [Ru(BDEPP)TMM] III-1 promoted the desired C-O bond cleavage with high 
efficiency giving acetophenone 1 a and phenol 1 b in 96 % and 92 % yield. In contrast, the versatile 
hydrogenation catalyst [Ru(Triphos)TMM] I-1 showed almost no conversion. This was counterintuitive, 
because I-1 outperformed III-1 in the ester hydrogenation, which also involves a C-O bond cleavage. In 
line with the report by Bergman these results indicate, that the ligand backbone is crucial for the desired 
transformation.[19] 
With the active catalyst III-1 in hand, the influence of certain reaction parameters was tested (table 1). 
Thus, when the reaction was carried out at 60°C for 20 h, 26 % and 25 % of the cleavage products 1 a and 
1 b were observed (entry 1). It is quite remarkable, that the cleavage of the stable aryl ether bond in 1 can 
be carried out at such low temperatures. In comparison, the [H2Ru(PPh3)3(CO)] / Xantphos system 
showed no activity below 100 °C.[19] Consistently, carrying out the reaction at 80 °C gave 75 % yield of the 
two cleavage products (entry 2). Raising the reaction temperature further to 100 °C gave full conversion of 
1 (entry 3). On the other hand, lowering the reaction time to 1 h and the catalyst loading to 1 mol% still 
gave the desired products in excellent yields (entries 4 - 6). It is important to note, that the detected yield 
of phenol 1 b was always lower than the respective acetophenone 1 a yield.  
These results suggest that III-1 is indeed an active catalyst precursor for the desired tandem 
dehydrogenation tandem C-O bond activation.  
 
 
 
 
2.1 Catalytic C-O Bond Cleavage of 2-Phenoxy-1-arylethanols | 97 
 
 
Table 1. Catalytic C-O bond cleavage of 1 promoted by III-1.
[a] 
 
Entry T t III-1 1 a 1 b 
 
[°C] [h] [mol %] [%] [%] 
1 60 20 5 26 25 
2 80 20 5 75 75 
3 100 20 5 94 92 
4 135 2 5 96 92 
5 135 1 5 86 85 
6 135 2 1 91 90 
[a] Reaction conditions: 0.2 mmol 1, 0.5 mL toluene. Yields determined by GC using n-
dodecane as internal standard. 
 
Therefore methoxylated derivative 1-OMe was tested under standard reaction conditions (scheme 10) 
 
 
 
Scheme 10. Cleavage of 1-OMe promoted by III-1.  
As depicted in scheme 10, acetophenone 1 a and guaiacol 3 a were obtained in 32 % and 32 % yield, 
respectively. This is line with the observations of Bergman and co-workers, that show that the 
methoxylation of the O-terminus in 1-OMe lowers its susceptibility to the C-O bond cleavage.[19]  
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In order to further elucidate the reactivity of III-1 in the disentanglement of 1, selected control reactions 
were carried out (scheme 11). 
 
 
Scheme 11. Control reactions with complex [Ru(BDEPP)TMM] III-1. 
As the C-O bond cleavage is thought to be initiated by dehydrogenation, a stoichiometric reaction of 1-
phenylethanol 4 with III-1 was monitored by 1H-NMR. As shown in scheme 11, full conversion of 4 to 
acetophenone 1 a was observed after 2 h reaction time. Along those lines, 2-phenoxyacetophenone 2 as 
product of the dehydrogenation of 2 has been proposed as intermediate in the targeted C-O bond 
cleavage. Thus carrying out a catalytic run with standard reaction conditions using 2 as substrate did not 
result in any product formation. This supports the hypothesis, that the hydrogen equivalent of the 
secondary hydroxyl function of 2 is essential for the catalytic turnover. On the other hand, repeating the 
reaction in presence of 20 eq. of 1-phenyethanol 4 as external hydrogen donor afforded cleavage product 
phenol 1 b in 72 % yield. This indicates that the hydrogen equivalent can also be transferred in an 
intermolecular pathway. These control reactions suggest that the C-O bond cleavage of 1 promoted by 
III-1 follows the tandem dehydrogenation/C-O bond cleavage sequence proposed by Bergman.[19] 
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The next task was to investigate the reaction of complex III-1 with substrate 1 in more detail. Therefore 
III-1 was treated with 10 eq. of 1 in d8-toluene and the reaction was monitored by 31P-NMR spectroscopy 
(figure 1).  
 
 
Figure 1. 31P-NMR (162 MHz) of the reaction solution of catalytic cleavage of 1 with III-1: a) before and b) after the 
reaction. Reaction conditions: 0.1 mmol 1, 0.01 mmol III-1, 0.5 mL d8- toluene, 135°C, 2 h. 
 
As depicted in figure 1, the only observed complex species before heating is precursor III-1 (figure 1 a). 
On the other hand, after the reaction solution was heated for 2 h at 135 °C, a set of new characteristic 
signals at δ = 94.2 (t, J = 21.8 Hz, 1 P) ppm and δ = 70.6 (d, J = 21.7 Hz, 2 P) ppm were observed. 
1H-31P-HMBC NMR correlation studies of these new signals led to the identification of a Ru(II) 
diphenolato species [Ru(BDEPP)(OC6H5)2] III-2 (figure 1 b). The formation of III-2 under catalytic 
conditions could also be an explanation, why the observed phenol 1 b yield in the catalytic reactions was 
always slightly lower than for the coupling product acetophenone 1 a (see table 1). As III-2 could be a 
potential active species of the present catalytic reaction, efforts were made to isolate complex III-2. 
In this regard, treating III-1 with 10 eq. of phenol in d6-benzene resulted in clean formation of III-2 
(scheme 12). However isolation was unsuccessful because III-2 could not be satisfyingly separated from 
the excess of phenol, which was necessary to promote efficient conversion of III-1 to III-2. On the other 
hand, reacting III-1 with stoichiometric amounts of more acidic pentafluorophenol resulted in clean 
formation of [Ru(BDEPP)(OC6F5)2] III-3 rendering its isolation straightforward (scheme 12).  
III-1 
III-1 
III-1 
III-1 
III-2 
III-2 
a) 
b) 
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Scheme 12. Reactions of phenol derivatives with Ruthenium trimethylenemethane complex III-1. 
Layering a dichlormethane solution of III-3 with pentane resulted in the growth of rectangular red single 
crystals. The structure is shown in figure 2. 
 
 
Figure 2. Crystal structure of complex [Ru(BDEPP)(OC6F5)2] III-3 (hydrogen atoms are omitted for clarity). 
As depicted in figure 2, the BDEPP ligand coordinates in facial fashion and therefore forms a slightly 
distorted penta coordinated trigonal bipyramidal geometry with the two pentafluorophenolate units. As 
[Ru(BDEPP)] complexes also form stable octahedral complexes, this leaves one potential open 
coordination site for catalysis.[28] 
In analogy, diphenolato complexes [Ru(BDEPP)(OC6F2H3)] III-4, [Ru(Triphos)(OC6F5)] IV-1 and 
[Ru(Triphos)(OC6F2H3)] IV-2 were synthesized using complexes [Ru(BDEPP)TMM] III-1 and 
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[Ru(Triphos)TMM] I-1 as starting material. Subsequently the isolated complexes were tested in catalysis 
(table 2).2  
Table 2. Cleavage of 1 with different Ruthenium complexes.
[a] 
 
Entry [Ru] 1 a 1 b 2 
  
[%] [%] [%] 
1
[b]
 III-1 96 92 2 
2 III-3  2 3 17 
3 III-4  50 43 13 
4 I-1 5 5 4 
5 IV-1  3 1 19 
6 IV-2  86 74 4 
 
[a] Reaction conditions: 0.14 mmol 1, 0.007 mmol precursor, 0.5 mL toluene, 135 °C, 2 h. Yields determined by 
GC using n-dodecane as internal standard. [b] 0.2 mmol 1, 0.01 mmol precursor, 0.5 mL toluene, 135 °C, 2 h. 
 
As shown in table 2, carrying out the reaction employing 5 mol % of [Ru(BDEPP)(OC6F5)2] III-3 only 
afforded trace amounts of cleavage products. A slight dehydrogenation of 1 to give 17 % of 2-
phenoxyacetophenone 2 was observed (entries 1 and 2). On the other hand, when the difluoro derivate 
[Ru(BDEPP)(OC6F2H3)2] III-4 was tested, C-O bond cleavage to give 50 % of 1 a and 43% of 1 b was 
observed (entry 3).  
                                                          
2 These reactions were carried out in collaboration with T. Weigand 
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Given, that III-1 is completely transformed into [Ru(BDEPP)(OC6H5)2] III-2 under catalytic conditions 
(see figure 1), the reactivity of the respective complexes seems to be dependent on the basicity of the 
respective phenoxy moiety (entries 1 - 3). In this regard, the more basic the phenoxy substituent or the 
less acidic the corresponding phenol derivative, the higher is the reactivity towards the C-O bond 
cleavage.  
Taking these findings into account, Triphos derivatives IV-1 and IV-2 were also tested in the catalytic 
cleavage of 2. As previously discussed I-1 did not promote the desired C-O bond cleavage (entry 4). This 
suggests that the substrate 1 is not acidic enough to protonate I-1 to enable the formation of an analogue 
diphenolato species to [Ru(BDEPP)(OC6H5)2] III-2. Along this line, [Ru(Triphos)(OC6F5)2] IV-1 is also 
inactive under catalytic conditions (entry 5). On the other hand difluoro derivative 
[Ru(Triphos)(OC6F2H3)2] IV-2 promotes the desired reaction to give phenol 1 b in 74 % and 
acetophenone 1 a in 86 % yield (entry 6). This suggests that the difluorophenoxy moieties exhibit suitable 
basicity to promote the catalytic turnover.  
To further probe the hypothesis that [Ru(BDEPP)(OC6H5)2] III-2 serves as the actives species. Selected 
reactions of table 2 were analyzed by 31P-NMR. As expected from their inactivity in catalysis, no change 
was observed for pentafluorophenol complexes III-3 and IV-1 as well as [Ru(Triphos)TMM] I-1. On the 
other hand as depicted in figure 3, III-4 was completely converted to [Ru(BDEPP)(OC6H5)2] III-2 under 
catalytic conditions. 
 
 
Figure 3. 31P-NMR spectra of the reaction solution of the catalytic cleavage of 1 with III-4: before a) and after b) 
the reaction. Reaction conditions: 0.2 mmol 1, 0.01 mmol III-4, 0.5 mL d8- toluene, 135°C, 2 h. 
 
Based on these findings a tentative mechanism based on complex [Ru(BDEPP)(OC6H5)2] III-2 can be 
proposed (scheme 13). 
III-4 
III-4 
III-2 
III-2 
a) 
b) 
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Scheme 13. Proposed mechanism for catalytic C-O bond cleavage of 2-phenoxy-1-phenylethanol 1 by diphenoxy 
complex [Ru(BDEPP)(OC6H5)2] III-2. 
As depicted in scheme 13, substrate 1 can protonate one of the phenol moieties of III-2 in order to 
coordinate to the Ru center (III-2 b). Dehydrogenation of the secondary alkoxy function would then give 
alkoxy hydrido species III-2 c. From this point, formation of a Ru(0) species [(BDEPP)Ru] could be 
envisaged by reductive elimination of phenol. In analogy to the recently proposed mechanism for the Ru-
Xantphos system, this Ru(0) species could enter a new catalytic cycle as active species.[22] On the other 
hand, a concerted C-O bond cleavage to give enolato complex III-2 d by elimination of one phenol can 
be envisaged. Subsequent protonation by a phenol molecule would then yield the product 
acetophenone 1 b and regenerate the diphenolato species III-2 thereby closing the catalytic cycle. The six 
membered transition state based on III-2 c is reminiscent of the five membered transition state proposed 
for the Ru0 mediated oxidative addition, which also results in a Ru-alkoxy enolato species.[22] A DFT study 
of these alternative pathways should give an indication, which catalytic cycle is more plausible. To this end 
the cycle depicted in scheme 13 would explain the observed different reactivity of the phenolato 
complexes (see table 2). While substrate 1 is not protic enough to afford protonation of the pentafluoro 
derivates III-3 and IV-1, the protonation of difluoro derivatives III-4 and IV-2 seems to be feasible, 
thereby enabling catalytic transformation. 
In summary, [Ru(BDEPP)TMM] III-1 is an active precursor to promote the reductive C-O bond cleavage 
of 2-phenoxy-1-phenylethanol 1. The reaction follows the tandem dehydrogenation / C-O bond 
activation sequence proposed by Bergman.[19] First mechanistic investigations indicate that a 
Ru(II)diphenolato species [Ru(BDEPP)(OC6H5)2] III-2 is involved in the catalytic turnover. The trend of 
the Ru TMM complexes to serve as precursor to a penta-coordinated active species through protonation 
of the TMM unit is in line with the results of chapter 2, where [Ru(Triphos)TMM] I-1 was converted to 
active species [H2Ru(Triphos)S] I-2.  
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2.2 Catalytic C-C bond Cleavage of 1,3-Dilignol Model Compounds  
As [Ru(BDEPP)TMM] III-1 proved to be efficient for the reductive C-O bond cleavage of 2-phenoxy-1-
phenylethanol 1, the next challenge was to probe its reactivity towards 1,3-dilignol model compound 3 
(scheme 14).3 
 
Scheme 14. Progressing from simplified model compound 1 to dilignol 3. 
As shown in scheme 14, the main difference between these two model compounds is the additional 
primary hydroxyl function of 3, which is in line with the current understanding of the β-O-4 linkage 
structure featuring a 1,3-propanediol subunit.[12d] On the other hand, as shown by James et al. this small 
structural deviation can significantly change the reactivity in homogeneous catalysis.[21] 
Thus, 3 was treated with III-1 at 160 °C in xylene for 4 h and the reaction solution was subjected to GC-
MS analysis (scheme 15). 
 
 
Scheme 15. Catalytic cleavage of model compound 3 promoted by III-1. 
As shown in scheme 15, 28 % of the expected C-O cleavage product guaiacol 3 a was observed after the 
catalytic reaction. This is in good agreement with III-1’s activity on methoxylated substrate 1-OMe (see 
scheme 10). However, in contrast to the selective C-O bond cleavage of substrate 1-OMe, which always 
showed clean formation of two cleavage products, numerous other by-products were detected after the 
catalytic reaction.  
Careful analysis of the obtained product mixture revealed that the targeted C-O bond activation is 
accompanied by elimination processes and a novel C-C bond cleavage (scheme 16). 
 
                                                          
3
 The erythro diastereomer of 3 was used throughout this thesis. However control reactions with threo-3 were carried 
out in all cases, yielding identical results (within the analysis error).  
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Scheme 16. Potential cleavage pathways of 3. 
So far the expected coupling product of the C-O bond cleavage 3 a’ was never observed. As indicated in 
scheme 16, 3 a’ fragments into 3,4-dimethoxybenzaldehyd 3 b, 3,4-dimethoxyacetophenone 3 c, 3,4-
dimethoxypropionone 3 d and 3,4-dimethoxybenzene 3 e (see scheme 15). Furthermore the observation 
of 3,4-dimethoxybenzyl alcohol 3 b’ suggests that transfer hydrogenation occurs under the reaction 
conditions. The combined yield of these fragmentation products 3 a’ adds up to 28 %, which fits 
reasonably well to the detected amount of guaiacol 3 a (28 %). The major observed products are 1-(3,4-
dimethoxyphenyl)-2-(2-methoxyphenoxy)ethanone 3 g with 13 % yield and 1-(3,4-dimethoxyphenyl)-2-(2-
methoxyphenoxy)propan-1-one 3 h with 28 % yield. These products are potentially formed due to 
elimination of the primary hydroxyl function (scheme 16). These side reactions are the main reason why 
the selectivity towards the targeted C-O bond cleavage is diminished. Finally, 2-(2-
methoxyphenoxy)ethanol 3 f was observed in 7 % yield (and the dehydrogenated 2-(2-
methoxyphenoxy)acetaldehyde 3 f’ in 2% yield). The formation of 3 f indicates a novel C-C bond cleavage 
of 3. Overall the combined yields of the respective cleavage products add up to a conversion of 73%. This 
indicates that III-1 is also sufficiently active to promote the disintegration of 3, but without any product 
selectivity. This is in line with the results of James et al., who applied the [H2Ru(PPh3)3(CO) ] / Xantphos 
system in the cleavage of 3 and observed high conversions but low product selectivity.[21]  
In order to probe, if any selectivity could be induced in the catalytic cleavage of 3, various tripodal 
precursor complexes were tested under catalytic conditions (table 3). As depicted in table 3, while 
[Ru(BDEPP)TMM] III-1 mainly promoted elimination to products 3 g and 3 h, the Triphos derivative 
[Ru(Triphos)TMM] I-1 showed no selectivity and thus promoted the formation of the respective C-O and 
C-C bond cleavage products 3 a and 3 f as well as the elimination products 3 g and 3 h (entries 1 and 2). 
This is in contrast to the studies on 2-phenoxy-1-phenylethanol 1, where I-1 showed no catalytic activity. 
These contrasting findings highlight the markedly different reactivity of model compounds 1 and 3. On 
the other hand, employing complex [H2Ru(Triphos)(CO)] I-3[29] as an analogue complex to 
[H2Ru(Xantphos)(PPh3)3(CO)][21] resulted in formation of guaiacol 3 a in 26 %, 2-(2-
methoxyphenoxy)ethanol 3 f in 15 % and elimination products 3 g and 3 h in 28 % yield (entry 3). Thus 
I-3 also did not show any significant product selectivity. On the other hand, [Ru(Triphos)(CO)(OAc)] 
V-3[30] yielded mainly C-C bond cleavage and elimination products albeit with low conversion (entry 4). 
Surprisingly, [HRu(Triphos)(CO)Cl] VI-1,[31] which only differs from I-3 and V-1 by a small change in the 
substitution pattern, promoted the C-C bond cleavage to 3 f with 66% yield (entry 5). These findings 
indicate that the C-O vs. C-C bond cleavage selectivity can be controlled by careful design of the catalyst 
structure. A similar observation was made for the oxidative cleavage of 1,3-dilignols promoted vanadium 
catalysts, where the cleavage selectivity was also governed by the catalyst structure.[18b, 18d] 
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Table 3. Catalyst screening for selective cleavage of 3.
[a] 
 
Entry Precursor Conversion
[b]
 Yield  
    [%] 3 a [%] 3 f [%] 3 g + 3 h [%] 
1  III-1  73 28 4 41 
2  I-1 64 14 21 29 
3  I-3 87 26 15 46 
4  V-1 45 5 24 16 
5  VI-1
[c]
  84 4 66 14 
 
[a] Reaction conditions: 0.1 mmol 3, 5 mol% [Ru], 0.5 mL xylene, 160 °C oilbath temperature, 4 h. Yield 
determined via GC with dodecane as internal standard. Yield average of at least two individual experiments. 
[b] Conversion given as sum of the detected products 3 a, 3 f, 3 g and 3 h. [c] 1 mL xylene. A full table with all 
identified products can be found in the appendix as table S-3. 
 
As complex VI-1 is prepared from [H2Ru(PPh3)3(CO)Cl] precursor and Triphos ligand under reflux in 
toluene,[31] the in situ combination was tested in catalysis in toluene solution with a reaction temperature of 
140 °C. Furthermore other Ruthenium precursors were tested because the results in table 3 suggest that 
the substitution pattern at the ruthenium center is crucial to govern the product selectivity (table 4). 
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Table 4. Precursor screening for C-C cleavage of 3.
[a]  
 
Entry precursor Conversion
[b]
 Yield 
  
[%] 3 b [%] 3 f [%] 
1 [HRu(PPh3)3(CO)Cl] 
63 38 45 
2 [H2Ru(PPh3)3(CO)] 
67 20 14 
3 [HRu(PPh3)3Cl] 
70 53 51 
4 
[Ru(PPh3)3Cl2] 15 15 10 
5 
[Ru(COD)(methylallyl)2] 61 17 2 
[a] 0.1 mmol 3, 5 mol % precursor, 5 mol% Triphos, 0.5 mL toluene, 4 h, 140 °C. Yields determined by 
GC using n-dodecane as internal standard. [b] Conversion given as sum of the detected products 3 a, 
3 f, 3 g and 3 h. A full table with all identified products can be found in the appendix as table S-4. 
 
In agreement with the results of table 3, the combination of [H2Ru(PPh3)3(CO)Cl] precursor and Triphos 
ligand promoted the C-C cleavage of 3 to give 3 b in 38 % and 3 f in 45 % yield at 140 °C 
(table 4, entry 1). Along this line, employing precursor [H2Ru(PPh3)3(CO)] thereby replacing the chloro 
ligand with a hydrido ligand gave the C-C bond cleavage product 3 f in 14 % yield (entry 2). This is line 
with the results obtained with [H2Ru(Triphos)(CO)] I-3 (table 3, entry 3). On the other hand, using 
[HRu(PPh3)3Cl] as the carbonyl free analogue of [H2Ru(PPh3)3(CO)Cl] yielded the C-C bond cleavage 
products 3 b and 3 f in 51% yield (entry 3). In contrast, the use of the precursor [Ru(PPh3)3Cl2] was not 
efficient (entry 4). Likewise, employing [Ru(COD)(methallyl)2] did not promote the targeted C-C bond 
cleavage (entry 5). It is important to note, that the observed amount of 3,4-dimethoxybenzaldehyde 3 b is 
still larger than the one observed for 3 f. This due to the fact that 3 b is also one of the fragmentations 
products of the competing C-O bond cleavage (see scheme 15). 
Taking these results into account, it is clear that the [HRu(Triphos)Cl] unit is a promising lead structure to 
promote the novel C-C bond cleavage, which represents an elegant and efficient pathway to disentangle 
the β-O-4 linkage structure, since it gives two defined cleavage products as opposed to the complex 
product spectrum obtained in the C-O bond cleavage (see scheme 15). 
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To get a further insight into this new transformation, different ligands were tested in combination with 
precursor [HRu(PPh3)3Cl] in order to probe whether the Triphos ligand is crucial for the observed 
selectivity (table 5).  
Table 5. Ligand screening for C-C cleavage of 3.
[a] 
 
Entry Precursor Ligand Conversion
[b]
 Yield 
   
 3 b [%] 3 f [%] 
1 [HRu(PPh3)3Cl] Triphos 80 64 64 
2 [HRu(PPh3)3Cl] - 27 8 3 
3 [HRu(PPh3)3Cl] dppp 27 7 9 
4 [HRu(PPh3)3Cl] Xantphos 7 2 0 
5 [HRu(PPh3)3Cl] BDEPP 53 26 31 
6 [H2Ru(PPh3)3(CO)] Xantphos 40 11 6 
[a] Reaction conditions: 0.1 mmol 3, 5 mol% precursor / ligand, 0.5 mL toluene, 140 °C oilbath temperature, 4 h. 
Precursor / ligand solution preheated for 2 h at 140 °C. Yield determined via GC with n-dodecane as internal 
standard. Yield average of at least two individual experiments. [b] Conversion given as sum of the detected 
products 3 a, 3 f, 3 g and 3 h. A full table with all identified products can be found in the appendix as table S-5. 
 
As shown in table 5, preheating the [HRu(PPh3)3Cl] / Triphos in situ system for 2 h at 140 °C in toluene, 
then adding the substrate 3 and running the reaction for 4 h at 140 °C afforded the C-C cleavage products 
3 b and 3 f in 64 % yield (entry 1). Using the same conditions in absence of the Triphos ligand showed 
only low conversion of 3 (entry 2). Likewise, combination of [HRu(PPh3)3Cl] with bidentante ligands 
diphenylphosphinopropane (dppp) and Xantphos did not result in the formation of the C-C bond 
cleavage products (entries 3 and 4). Consistent with the hypothesis that tripodal ligands are crucial for the 
observed selectivity, BDEPP promoted the C-C bond cleavage in moderate yields (entry 5). Finally, the 
efficient system of Bergman employing the [H2Ru(PPh3)3(CO)] / Xantphos combination yielded only low 
amounts of the C-C bond cleavage products 3 f and 3 b (entry 6). These findings suggest that the 
[HRu(PPh3)3Cl] / Triphos combination exhibits a unique reactivity and selectivity for the observed C-C 
bond cleavage. 
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Bearing this in mind, the influence of certain reaction parameter was probed with this catalytic system 
(table 6). 
Table 6. Screening of reaction conditions for C-C cleavage of 3.
[a] 
  
Entry time [HRu(PPh3)3Cl] Triphos Additive
[b]
  Conversion
[c]
 Yield 
 
[h] [mol%] [mol%] [mol%]  3 b [%] 3 f [%] 
1 4 5 5 - 80 75 78 
2 4 5 10 - 80 72 78 
3 4 5 15  83 67 75 
4 4 5 
5 NH4PF6 
(5)  
22 15 12 
5 4 5 
5 K2CO3 
(20) 
92 9 9 
6 2 5 5 - 85 69 74 
7 1 5 5 - 82 69 70 
8 4 2.5 2.5 - 90 74 71 
9 4 1 1 - 68 43 43 
[a] Reaction conditions: 0.1 mmol 3, 5 mol% [HRu(PPh3)3Cl] / Triphos, 0.5 mL xylene, 160 °C oilbath 
temperature. Precursor / ligand solution preheated for 2 h at 140 °C. Yield determined via GC with n-dodecane 
as internal standard. Yield average of at least two individual experiments. [b] Numbers in parentheses give the 
additive loading in mol% [c] Conversion given as sum of the detected products 3 a, 3 f, 3 g and 3 h. A full table 
with all identified products can be found in the appendix as table S-6. 
 
As depicted in table 6, running the reaction at 160 °C instead of 140 °C increased the yield of C-C bond 
cleavage products 3 b and 3 f to 75 % and 78 %, respectively (see table 5, entry 1 and table 6, entry 1). 
Increasing the amount of Triphos ligand to 2 and 3 eq. did not alter the yields in a significant manner, 
although a slight decrease of the aldehyde 3 b was observed (entries 2 and 3). In contrast, the addition of 
10 mol% of NH4PF6 as additive in order to stabilize potential cationic intermediates diminished the yields 
of the C-C cleavage products considerably (entry 4).[32] The use of K2CO3 as base gave 92% conversion of 
3 but only low yields of 3 a and 3 f. (entry 5). This is interesting, since these products represent formal 
retro-aldol products of 3, and retro-aldol processes are known to be base-catalyzed.[33] However, 38 % of 
C-O bond cleavage product guaiacol 3 a was observed under these conditions. This indicates that the 
selectivity switches to the C-O bond cleavage of 3 under basic conditions. As bases are often used to 
abstract halide substituents from complexes in order to render them catalytically active, these findings 
further suggest, that the chloro ligand is essential for the observed C-C bond cleavage selectivity.[34] On 
the other hand, a reaction time of 2 h yields 3,4-dimethoxybenzaldehyd 3 b in 69 % and 2-(2-
methoxyphenoxy)ethanol 3 f in 74 % yield (entry 6). Along the same line, stopping the reaction after 1 h 
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gave the C-C bond cleavage products in good yields (entry 7). A slightly higher conversion was observed 
with 2.5 mol% catalyst loading because more of the C-O bond and elimination products were formed 
under these conditions (entry 8). Further reduction of the catalyst loading to 1 mol% gave only 43 % of 
the C-C cleavage products at 68 % conversion (entry 9).  
With these conditions in hand, the scope of the observed C-C bond cleavage was tested in the next step. 
Initially the substituents of the aryl ring of the C-terminus were varied (table 7). Please note that only 3 f 
was quantified because the measurement of the correction factors for the aldehyde coupling products was 
difficult in some cases. 
Table 7. Variation of the C-Terminus in the catalytic C-C bond cleavage.
[a] 
Entry Substrate  Yield 3 f 
  
 [%] 
1 
 
3 78 
2 
 
5 75 
3 
 
6 51 
4 
 
7 94 
5 
 
8 14 
[a] Reaction conditions: 0.1 mmol substrate, 5 mol% [HRu(PPh3)3Cl] / Triphos, 
0.5 mL xylene, 160 °C oilbath temperature, 4h. Precursor / ligand solution 
preheated for 2 h at 140 °C. Yield determined by GC using n-dodecane as 
internal standard. 
 
As depicted in table 7, changing one methoxy group to an ethoxy group in substrate 5 predictably did not 
have a significant effect on the reaction (entries 1 and 2). On the other hand, placing a hydroxyl group at 
the para position of the C-terminus (substrate 6) diminished the yield of 3 f to 51 % (entry 3). On the 
other hand, employing substrate 7 featuring a dioxol unit increased the yield of the C-C cleavage to 94 % 
(entry 4). In contrast, trimethoxylated derivative 8 proved to be unreactive (entry 5). 
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As a next step derivatives of 3 with different substitution patterns on the O-terminated aryl ring were 
assessed under catalytic conditions (table 8). Again only known 3,4-dimethoxybenzaldehyde 3 b was 
quantified. 
 
Table 8. Variation of the O-Terminus in the catalytic C-C bond cleavage.
[a] 
Entry Substrate  Yield 3 b 
  
 [%] 
1 
 
3 75 
2 
 
9 63 
3 
 
10 86 
4 
 
11 22 
[a] Reaction conditions: 0.1 mmol substrate, 5 mol% [HRu(PPh3)3Cl] / Triphos, 
0.5 mL xylene, 160 °C oilbath temperature, 4 h. Precursor / ligand solution 
preheated for 2 h at 140 °C. Yields were determined by GC using n-dodecane as 
internal standard. 
 
Removing the methoxy function at the aryl adjacent to the ether bond in substrate 9 resulted in a slightly 
reduced yield of 3 b (entries 1 and 2). When instead di-methoxylated diol 10 was used 86% yield of 3 b 
was obtained (entry 3). In contrast, substrate 11 with two methoxy functions in ortho position to the ether 
bond was not susceptible to the applied reaction conditions (entry 4). This on the other hand is in line 
with result obtained for substrate 8 (table 7, entry 4), which indicates that a two-fold methoxylation in 
immediate proximity of the targeted C-C bond hinders an efficient catalytic conversion. In general these 
findings demonstrate, that the catalytic system is tolerant to differently functionalized derivatives of 
dilignol 3. 
After testing the influence of different substituents on the arene rings, several control reactions were 
carried out in order to investigate the influence of the respective hydroxyl functions of 3 on the observed 
C-C bond cleavage (scheme 17). Therefore substrate 12, in which both hydroxyl functions are 
methoxylated was subjected to standard reactions conditions. Predictably, no reaction was observed. 
Along the same line, no formation of products was detected, when only the secondary hydroxyl function 
was methoxylated (substrate 13). This indicates that the reaction is initiated by the secondary hydroxyl 
function. This argument is further supported because ketone 14 did not show any activity under the given 
reaction conditions. Conversely, when the α-proton of the secondary hydroxy function was replaced by a 
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methyl group in substrate 15, the C-C bond cleavage proceeded smoothly to give 3 f and 
3,4-dimethoxyacetophenone 3 c in 84% yield. Finally, protecting the primary hydroxyl function in 
substrate 16 resulted in complete inhibition of the C-C bond cleavage and only C-O bond cleavage 
products 3 a and 15 b were observed. This suggests that the selectivity towards the C-C bond cleavage is 
clearly governed by the primary hydroxyl function. Along the same line, 2-phenoxy-1-phenylethanol 1 was 
efficiently converted to the expected C-O bond cleavage products acetophenone 1 a and phenol 1 b.   
 
 
Scheme 17. Control experiments for the catalytic C-C bond cleavage. 
Taking these findings into account it is clear that the dehydrogenative C-C bond cleavage of 3 is initiated 
by the secondary hydroxyl function, while the selectivity towards the retro-aldol like cleavage is governed 
by the primary hydroxyl function. While these insights explain the observed switch of the reactivity 
pattern going from 2-phenoxy-1-phenylethanol 1 to dilignol model compound 3, it is still unclear, why the 
[HRu(PPh3)3Cl] / Triphos combination shows such an unique reactivity in promoting this C-C bond 
cleavage. Therefore the catalytic system was analyzed in detail by NMR spectroscopy. 
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As shown in tables 4 – 6, preformation of the [HRu(PPh3)3Cl] / Triphos in situ system significantly 
increased the catalytic efficiency. Therefore as a first step, this preformation was monitored by 31P-NMR 
spectroscopy (figure 4). 
 
Figure 4. 31P-NMR spectra of preformation of [HRu(PPh3)3Cl] / Triphos system a) before and b) after heating for 
2 h at 140 °C in d8-toluene.  
As depicted in figure 4, heating precursor [HRu(PPh3)3Cl] in presence of Triphos ligand results in 
replacement of the PPh3 ligands by Triphos as indicated by the consumption of free Triphos at δ = -
25.5 ppm and accumulation of free PPh3 at δ = -5.22 ppm. Furthermore in addition to unconsumed 
[HRu(PPh3)3Cl] (δ = 24.2 ppm) a new species was observed in the d8-toluene solution with three 
characteristic 31P-NMR signals at δ = 28.1 (t, J = 24.3 Hz, 2P ), 46.3 (dt, J = 226.5, 24.3Hz, 1P) and 
57.3 (dt, J = 226.5, 24.3Hz, 1P) ppm. The appearance of these signals in 31P-NMR was accompanied by a 
multiplet hydride signal at δ = – 7.83 ppm in the corresponding 1H-NMR spectrum. The peaks were 
tentatively assigned to complex [H2Ru(Triphos)(PPh3)] I-2-PPh3, because the observed NMR shifts and 
coupling constants are in reasonable agreement with the previously observed complex 
[H2Ru(Triphos)(PMe2Ph)] (see chapter 2).[35] Further supporting this assignment is the fact that reaction of 
[H2Ru(PPh3)4] and Triphos under identical conditions yielded an identical set of signals.  
 
 
 
 
 
 
 
 
[HRu(PPh3)3Cl] 
PPh3 
Triphos 
[HRu(PPh3)3Cl] 
PPh3 
Triphos 
[H2Ru(Triphos)(PPh3)] I-2-PPh3 
a) 
b) 
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Furthermore, during the preformation the precipitation of an orange powder was observed. This was 
dissolved in d2-dichlormethane and analyzed by 31P-NMR spectroscopy (figure 5). 
 
Figure 5. 31PNMR of the precipitate formed in the preformation of the [HRu(PPh3)3Cl] / Triphos system in 
d2-dichlormethane. 
As depicted in figure 5, in addition to unreacted precursor [HRu(PPh3)3Cl], PPh3 and Triphos the main 
observed species in the precipitate is dimeric complex [Ru(Triphos)(μ-Cl)3Ru(Triphos)]Cl VII-1 with a 
characteristic singlet at δ = 36.3 ppm.[36] Furthermore, a doublet at δ = 39.4 (d, J = 44.3 Hz, 2P) ppm and 
a triplet δ = 35.2 (t, J = 44.3 Hz, 1P) ppm were observed. Due to the low concentration of the these 
signals the new species could not be satisfyingly assigned, but suggest a [Ru(Triphos)X2Y] structure. To 
explain the formations of complexes VII-1 and I-2-PPh3, an exchange of hydride and chloro ligands of 
the [HRu(PPh3)3Cl] precursor must occur at some stage (see figure 6).  
 
 
Figure 6. Potential pathways of the formation of VII-1 and I-2-PPh3. 
 
 
[HRu(PPh3)3Cl] 
PPh3 
Triphos 
[Ru(Triphos)(μ-Cl)3]Cl VII-1 
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As already shown in table 5, the remnant precursor [HRu(PPh3)3Cl] is not able to promote the observed 
C-C bond cleavage. Therefore, the other observed complexes were tested in catalysis (table 9). 
 
Table 9. Observed complexes for catalytic C-C cleavage of 3.
[a] 
  
 
Entry [Ru] Yield [%] 
 
 
3 b [%] 3 f [%] 
1 [H2Ru(PPh3)4] 6 7 
2 [Ru(Triphos)(μ-Cl)3Ru(Triphos)]Cl VII-1 9 7 
3 [H2Ru(PPh3)4] / Triphos 7 8 
4 [Ru(Triphos)(μ-Cl)3]Cl VII-1 / [H2Ru(PPh3)4] 
[b]
 46 40 
[a] Reaction conditions: 0.1 mmol substrate, 5 mol % [Ru], 4 h 160 °C. [b] 2.5 mol % VII-1 / 
5 mol% [H2Ru(PPh3)4] 
 
As shown in table 9, precursor [H2Ru(PPh3)4] did not promote the observed C-C cleavage (entry 1). 
Chloride bridged dimer VII-1 was also inactive in the catalytic reaction (entry 2). Likewise, the 
combination of [H2Ru(PPh3)4] / Triphos to mimic complex [H2Ru(Triphos)(PPh3)] I-2-PPh3 was 
ineffective (entry 3). Conversely, a combination of [H2Ru(PPh3)4] and [Ru(Triphos)(μ-Cl)3Ru(Triphos)]Cl 
VII-1 promoted the reaction to yield 3 b in 46 % and 3 f in 40 % yield (entry 4). This indicates that a 
Ruthenium hydride species is able to reactivate the otherwise inactive chloro dimer VII-1 to promote the 
observed C-C bond cleavage. This observation supports the hypothesis that a “[HRu(Triphos)Cl]” 
structure is the complex species going into the catalytic turnover. 
After gathering information which complex species enter into the catalytic reaction, the next task was to 
probe what species can be observed at the end of the catalytic reaction. Therefore NMR experiments were 
conducted in d8-toluene with standard reaction conditions and the resulting reaction solution was again 
analyzed by 31P-NMR spectroscopy (figure 7).  
As shown in figure 7, three main species were detected at the end of the reaction. Firstly, unreacted 
precursor [HRu(PPh3)3Cl] and previously observed chloro dimer VII-1 were observed. It is important to 
note, that free Triphos (δ = -25.6 ppm) and triphenylphosphine PPh3 (δ = -5.3 ppm) were also observed 
in the negative region of the spectrum, which indicates incomplete catalyst formation. In addition, a new 
defined species was observed, exhibiting characteristic 31P-NMR (162 MHz) signals at δ = 35.9 (t, J = 42.6 
Hz, 1P), 33.0 (dd, J = 48.7, 42.5 Hz, 1P) and 29.0 (dd, J = 48.7, 42.6 Hz, 1P) ppm. With the help of 
correlation NMR analysis these signals could be assigned to complex VIII-1 (see figures 7 and 8).  
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Figure 7. 31P-NMR (162 MHz) spectrum in d8-toluene of a typical reaction solution. Reaction conditions: 0.1 mmol 
3, 0.005 mmol [HRu(PPh3)3Cl], 0.005 mmol Triphos, 0.5 mL d8-toluene, 140 °C, 4 h.  
The 31P-NMR shifts and their respective coupling pattern of complex VIII-1 suggest three different 
substituents are coordinated to the metal center because all three phosphor atoms are magnetically in-
equivalent. This suggest that the dilignol 3 coordinates in a η3-fashion through conjugation of the α, β 
unsaturated system (figure 8). Furthermore distinctive 13C-NMR (151 MHz, d6-benzene) signals at δ = 
177.9 and 177.0 ppm indicate the carbons of the coordinating aldehyde and enol group. Expectedly, the 
aldehyde carbon at δ = 177.9 ppm showed a clear correlation to the aldehyde proton at δ = 8.69 ppm in 
the 1H-13C HSQC NMR spectra of VIII-1. Further correlation of the aldehyde proton to the phosphorous 
atom at δ = 29.0 ppm could be observed in the corresponding 1H-31P-HMBC NMR spectrum, which 
supports the proposed coordination mode of VIII-1. In addition to these NMR data, the MS analysis of 
complex VIII-1 confirms its cationic nature because the fragment [(Triphos)Ru(O6C18H17)]+ with 
1055.2 m/z was clearly identified. 
Interestingly, the observed substrate complex VIII-1 exhibits both resemblance as well as distinct 
differences to the inactive substrate complex observed by James et al. using complex 
[H2Ru(Xantphos)(PPh3)3(CO)] (figure 8).[21] 
 
Figure 8. Structure of complex VIII-1 and the substrate complex observed by James et al.[21] 
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As shown in figure 8, both complexes exhibit the coordination of an α, β-unsaturated fragment based on 
dilignol 3. On the other hand, in the Xantphos complex the dilignol moiety coordinates via an acyl bond 
of the primary hydroxyl function, whereas the dilignol coordinates via both oxygen atoms in complex 
VIII-1. Furthermore, the Triphos ligand coordinates in a facial mode, while the xantphos occupies a 
meridional position: Furthermore Xantphos complex is coordinatively saturated, while the fivefold 
coordination of VIII-1 exhibits one vacant site. These differentiating structural features could explain the 
different selectivity and activity observed for both catalytic systems. 
As indicated in tables 5 and 9, both [HRu(PPh3)3Cl] and [Ru(Triphos)(μ-Cl)3Ru(Triphos)]Cl VII-1 are 
inactive in catalysis. This suggests that new complex VIII-1 might be active for the observed C-C bond 
cleavage of 3. In order to test if the mixture of complexes VII-1, VIII-1 and [HRu(PPh3)3Cl] detected at 
the end of the catalytic reaction is still active a repetitive batch experiment was carried out. 
Thus 0.1 mmol of 3 was treated with 5 mol % of [HRu(PPh3)3Cl] and Triphos for 4 h at 160°C in xylene. 
The resulting solution was then quenched in an ice bath and 0.1 mmol of diol 3 were added to it. After a 
subsequent reaction for 4 h at 160 °C, GC analysis revealed formation of 3,4-dimethoxybenzaldehyde 3 b 
in 55 % yield and the corresponding 2-(2-methoxyphenoxy)ethanol 3 f in 55 % yield. In comparison, the 
yield of a single run with the exact same reaction conditions yielded the C-C cleavage products 63% yield. 
The reduced yield of the C-C bond cleavage products in the repetitive batch experiment is plausible, since 
the corresponding 31P-NMR spectrum (figure 7) already showed deactivation of the catalytic system after a 
single run. These results allow the hypothesis that complex VIII-1 is able to promote the observed C-C 
bond cleavage.  
Further supporting this argument is the observation that complex VIII-1 was also formed in the catalytic 
cleavage of 3 with complex [HRu(Triphos)(CO)Cl] VI-1, which was the only other catalytic system 
promoting the selective C-C bond cleavage apart from the [HRu(PPh3)3Cl] / Triphos in situ system. In 
both cases, selective formation of VIII-1 was only observed when an excess (5 – 10 eq) of dilignol 
substrate 3 was used. Unfortunately, this circumvented isolation of VIII-1, because complete separation 
from the C-C cleavage products 3 b and 3 f formed in the synthesis was not possible due to similar 
solubility properties.   
When precursor [HRu(Triphos)(CO)Cl] VI-1 was reacted with 10 eq. of 1-phenylpropane-1,3-diol 17, 
formation of an analogue diol complex VIII-2 was observed, which readily precipitated from the toluene 
reaction solution (scheme 18). 
 
Scheme 18. Synthesis of complex VIII-2. 
In consistence with the identification of VIII-1, complex VIII-2 exhibits similar 31P-NMR (243 MHz, 
d2-dichlormethane) signals: δ = 37.7 (t, J  = 42.5 Hz, 1P), 31.5 (dd, J = 47.8, 41.3 Hz, 1P) and 29.5 (dd, J = 
47.5, 44.3 Hz, 1P) ppm. As observed for complex VIII-1, the aldehyde proton HA correlates with the 
phosphorous atom at δ = 31.5 ppm. Correlation of aldehyde proton HA with the enol proton HB 
(δ = 6.10 ppm) in the NOESY spectrum further substantiates the proposed coordination mode of the diol 
17. As VIII-2 could be isolated in a straightforward manner, it was applied in the catalytic cleavage of 3 
(scheme 19). 
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Scheme 19. Catalytic activity of complex VIII-2. 
As depicted in scheme 19, complex VIII-2 promoted the catalytic C-C bond cleavage of 3 affording 
3,4-dimethoxybenzaldehyde 3 b in 35 % and 3 f in 22 % yield. The low activity can be explained by 
VIII-2’s low solubility in xylene. In fact the reaction remained a yellow suspension even at 160 °C. 
Furthermore, VIII-2 could only be isolated with 95% purity. However, this result indicates that both diol 
complexes are able to promote the observed C-C bond cleavage.  
The formation of VIII-2 from 1-phenylpropane-1,3-diol 17 further suggests that the catalytic C-C bond 
cleavage is also applicable to other simple 1,3-diols. In order to test this hypotheis, substrate 17 was 
reacted under standard reaction conditions (scheme 20). 
 
 
Scheme 20. Catalytic C-C bond cleavage of 17 with [HRu(PPh3)3Cl] / Triphos. 
As shown in scheme 20, 1-phenylpropane-1,3-diol 17 was converted to the expected C-C bond cleavage 
products benzaldehyde 17 a (29%) and ethanol. In addition, benzyl alcohol 17 b was detected in 30 % 
yield. This suggests that ethanol is consumed in the transfer hydrogenation of benzaldehyde 17 a to 
benzylalcohol 17 b. In agreement with this finding, 3,4-dimethoxybenzylalcohol 3 b’ and 
2-(2-methoxyphenoxy)acetaldehyde 3 f’ were observed in the catalytic cleavage of dilignol 3. This result 
suggests that the catalytic system is generally applicable to the catalytic C-C bond cleavage of 1,3-propane 
diol derivatives. 
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The identification of complexes VIII-1 and VIII-2 and their observed reactivity allow to propose a 
tentative mechanism for the novel C-C bond cleavage of dilignol 3 (scheme 21). 
 
Scheme 21. Proposed mechanism of the C-C bond cleavage of 3.  
As depicted in scheme 21, complex VIII-1 can serve as an off-cycle resting state to form the active species 
VIII-1 a by addition of one hydrogen equivalent [2H]. This species is reminiscent of aldolate complexes 
observed in the Ru-catalysed aldol addition. Incidentally, in these studies similar chloro dimer formation 
was observed.[37] Likewise, similar complexes have been proposed by Krische et al. as reactive 
intermediates in the intensively studied RhI catalysed reductive aldol reaction[38] and in the Ru0 catalyzed 
hydrohydroxyalkylation of isoprene.[39] In analogy to these reports, aldolate complex VIII-1 a can then 
undergo a retro aldol cleavage giving Ru-enolate complex VIII-1 b. This transformation represents the 
reverse of the key step of the hydrogen mediated RhI catalysed aldol addition.[40] Therefore the present 
reaction represents the exact reverse reaction: a dehydrogenative retro-aldol reaction. 
These findings indicate that the bidentate coordination of dilignol 3 in complex VIII-1 is crucial for the 
observed C-C cleavage. Furthermore the mechanism in scheme 21 indicates that potential catalyst 
precursors need to react with 3 in a fashion, which allows formation of complexes of type VIII-1. This 
explains why the proposed [HRu(Triphos)Cl] lead structure was active, as it gives access to VIII-1 c 
through a simple protonation of the hydride ligand, elimination of hydrogen and coordination of the 
deprotonated dilignol (scheme 22).  
  
Scheme 22. Proposed formation of VIII-1 c. 
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The mechanistic proposal depicted in scheme 21, was further probed by DFT calculations (figure 9).4 
 
  
Figure 9. Gibbs free energy profile of the calculated mechanism of the retro-aldol cleavage of 3.  
Substrate complex VIII-1 c was set as the zero point for the calculations depicted in figure 9 and all other 
calculated structures were referenced to it. As the Ruthenium catalysed dehydrogenation of alcohols is 
well studied, the transition state between VIII-1 c and VIII-1 a was not calculated.[41] The dehydrogenated 
aldolate intermediate VIII-1 a was determined to have a relative gibbs free energy of 10.7 kcal/mol. 
Subsequently a transition state TS VIII-1 a- b for the proposed retrol aldol C-C bond cleavage going 
from VIII-1 a to VIII-1 b was found with a gibbs free energy of 16.6 kcal/mol. Finally the energy of the 
enolate complex VIII-1 b was determined to be 3 kcal/mol, rendering the transformation from VIII-1 a 
to VIII-1 c exergonic. The energy barrier for this retro aldol cleavage is 5.9 kcal/mol and therefore seems 
to be a reasonable proposal. However, it is important to note that the obtained energy barrier only 
accounts for the transformation of VIII-1 a to VIII-1 b and not the full catalytic cycle or the formation of 
VIII-1 c from the respective precursors. A deeper DFT study of the whole mechanism will allow the 
determination of the overall energy span[42] and compare the calculated rates to the experimentally 
observed reaction rates. 
In summary, a novel C-C bond cleavage was developed which allows the selective disentanglement of 1,3- 
dilignol as model compounds for the abundant β-O-4 linkage. Initial mechanistic investigations suggest a 
new catalytic retro-aldol pathway. 
 
 
 
                                                          
4 The DFT calculation were carried out by Dr. Spas Stoychev. 
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2.3 Catalytic C-O Bond Cleavage of 1,3-Dilignol Model Compounds 
The results of James et al. and our studies have shown that the primary hydroxyl function of dilignol 
model compound 3 interferes with a selective C-O bond cleavage, due to accompanying elimination 
reactions. To circumvent this caveat a new reaction sequence was envisaged (scheme 23). 
 
 
Scheme 23. Proposed dehydrogenation, decarbonylation and C-O bond cleavage reaction sequence. 
As shown in scheme 23, dehydrogenation of both hydroxyl functions would convert dilignol 3 into keto 
aldehyde 3’. Catalytic decabonylation of 3’ would then remove the aldehyde and yield ketone 3 g. With the 
hydrogen equivalents [2H] generated in the initial step, a selective C-O bond cleavage of 3 g to 
guaiacol 3 a and 3,4-dimethoxyacetophenone 3 c would then lead to an overall selective C-O bond 
cleavage of 3. In order to realize the envisaged reaction sequence, a catalytic system has to be found that is 
able to promote successive dehydrogenation, decarbonylation and C-O bond cleavage of 3. However, if 
potential catalyst candidates are able to promote the selective formation of 3 g, they could also be 
combined with C-O bond cleavage catalyst like [Ru(BDEPP)TMM] III-1.  
With regard to the first two reaction steps, an Iridium based system has recently been reported by Ishii. In 
their studies Iridium precursors were used in combination with phosphine ligands to promote the 
synthesis of α, ω-diarylalkanes from ω-arylalkanols via a catalytic dehydrogenation/aldol addition and 
decarbonylation sequence. The effectiveness of the catalytic system for the targeted tandem 
dehydrogenation/decarbonylation was shown for β-(phenylmethyl)benzenepentanol (scheme 24).[43]  
 
 
 
Scheme 24. Iridium catalyzed tandem dehydrogenation and decarbonylation of β-
(phenylmethyl)benzenepentanol.[43] 
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Therefore these conditions were applied to dilignol model compound 3 (table 10). 
Table 10. Catalytic cleavage of 3 with Iridium catalysts.
[a] 
 
Entry Catalyst Additive 
Yield [%] 
Selectivity of C-O 
bond cleavage [%]
[b]
 
 
3 a 3 f 3 a‘ 3 g + 1 h 
1 
[Cp*IrCl2]2(2) / [Ir(COD)Cl]2(4) 
/ dppe (8) 
K2CO3(20) 26 25 60 - 51 
2 [Cp*IrCl2]2 (6) K2CO3 (20) 35 2 46 19 63 
3 [Ir(COD)Cl]2(6) / dppe (12) K2CO3(20) 33 22 63 8 52 
4 [Ir(COD)Cl]2 (6) / PPh3 (24) K2CO3 (20) 27 11 48 7 59 
5 [Ir(COD)Cl]2 (6) / PCy3 (24) K2CO3 (20) 59 5 59 3 88 
6 [Ir(COD)Cl]2 (6) / PCy3 (24) - 6 7 28 9 27 
7 [Ir(COD)Cl]2 (6) / PCy3 (24) t-BuOK (20) 46 8 48 54 42 
[a] Reaction conditions: 0.1 mmol 3, catalyst, 0.5 mL xylene, 160 °C, 24 h. Numbers in brackets represent 
catalyst/additive loading in mol%. Yields determined by GC using n-dodecane as internal standard. [b] Selectivity = 
[n(3 a)/(n(3 a) + n(3 f) + n(3 g) + n(3 h))]*100. 
 
  
As depicted in table 10, the conditions used by Ishii (scheme 23) did not yield the desired ketone 3 g, but 
gave a complex product spectrum (entry 1). This indicates, that the present catalytic system promotes 
cleavage processes of 3 instead of the targeted selective tandem dehydrogenation/decarbonylation (see 
scheme 23 and 24). Thus, C-C bond cleavage to yield 25 % of 3 f as well as C-O bond cleavage to yield 
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26 % guaiacol 3 a were observed. As reported previously, the coupling product of the C-O bond cleavage 
fragments into a range of products (3 a’). The combined yields of the coupling products 3 b and 3 a’ of 
60 % are in line with the combined yield of 3 a and 3 f (51%) (entry 1). As the system of Ishii is complex 
employing two different precursors and a phosphorous ligand, the activity of the respective individual 
systems was tested next. Slightly better selectivity towards the C-O bond cleavage was observed for 
precursor [Cp*IrCl2]2, since only trace amounts of C-C bond cleavage and 19 % of the elimination 
products were observed (entry 2). The combination of [Ir(COD)Cl]2 with phosphorous ligand dppe (dppe 
= diphenylphosphinoethane) yielded similar results to the combined Ir-catalyst approach (entries 1 and 3). 
A combination of Ir with monodentate triphenylphosphine (PPh3) gave no selectivity towards the targeted 
C-O bond cleavage products (entry 4). However, employing [Ir(COD)Cl]2 precursor with 
tricyclohexylphosphine (PCy3) as ligand resulted in selective C-O bond cleavage yielding 59 % of 
guaiacol 3 a (entry 5). This is in line with recent results of Geilen and co-workers, who used this system in 
the highly selective decarbonylation of 5-hydroxymethylfurfural.[44] Interestingly, applying the same 
conditions without K2CO3 as base quenched the catalytic activity (entry 6). The use of stronger base 
potassium tert-butanolate (KOt-Bu) diminished the selectivity and gave rise to the elimination products 3 g 
and 3 h in 54 % yield (entry 7).  
 
Table 11. Screening of ligands for Iridium catalyzed C-O bond cleavage of 3.
[a] 
Entry Ligand 
Yield [%] Selectivity of C-O bond 
cleavage [%]
[b]
 3 a 3 f 3 a‘ 3 g + 3 h 
1 - 8 - 4 3 73 
2 PCy3 11 3 21 34 23 
3 PCy3
[c]
 59 5 59 3 88 
4 dppe 33 22 63 8 52 
5 Triphos 39 14 66 5 67 
6 BDEPP 32 12 65 6 64 
[a] 0.1 mmol 3, 6 mol% [Ir(COD)Cl]2, 12 mol% ligand, 20 mol% K2CO3, 0.5 mL xylenel, 160 °C, 24 h. Yield 
determined by GC using n-dodecane as internal standard. [b] Selectivity = [n(3 a)/(n(3 a) + n(3 f) + n(3 g) + n(1 
h))]*100. [c] 24 mol% PCy3.  
 
As shown in table 11, none of the other [Ir(COD)Cl]2 / phosphine ligand combinations yielded similar 
activity and selectivity towards the C-O bond cleavage, when compared to the [Ir(COD)Cl]2 / 2 PCy3 
combination. Interestingly, when only one equivalent of PCy3 was used, the activity and selectivity was 
drastically diminished (entry 2). 
 To get further insight, the reaction with precursor [Ir(COD)Cl]2 and two equivalent of PCy3 was 
performed in d8-toluene. The corresponding 31P-NMR spectra showed a singlet at δ = 30.8 ppm as main 
species, which could be assigned to complex [Ir(PCy3)2(CO)Cl] IX-1.[45] This is in line with the studies by 
Geilen et al. that showed the formation of this complex at the end of the catalytic reaction.[44] It is 
interesting to note that IX-1 exhibits a carbonyl ligand, which indicates that a decarbonylation of the 
substrate or the products must occur under the catalytic conditions.  
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With this defined complex at hand, the catalytic cleavage of 3 was reassessed (table 12). 
 
Table 12. Catalytic C-O bond cleavage of 3 with complex [Ir(PCy3)2(CO)Cl] IX-1.
[a] 
Entry IX-1 [mol%] K2CO3 [mol%] 
Yield [%] Selectivity of C-O 
bond cleavage [%]
[b]
 3 a 3 f 3 a‘ 3 g + 3 h 
1 12 - - - - - - 
2 12 20 76 - 64 4 95 
3 2 20 60 2 42 4 91 
4 2 3.5 56 - 49 5 92 
[a] 0.1 mmol 3, 0.5 mL xylene, 160 °C, 24 h Yield determined by GC using dodecane as internal standard. 
[b] Selectivity = [n(3 a)/(n(3 a) + n(3 f) + n(3 g) + n(3 h))]*100.  
 
As depicted in table 12, no reactivity with IX-1 was observed in absence of base (entry 1). However, 
carrying out the reaction with 20 mol% of K2CO3 resulted in 76% yield of guaiacol 3 a (entry 2). 
Furthermore, running a test reaction with 20 mol% K2CO3 in absence of catalyst yielded only 8 % 
guaiacol 3 a. This suggests that the C-O bond cleavage is promoted by the metal catalyst. Reducing the 
catalyst loading to 2 mol % still gave a 60 % yield of 3 a (entry 3). Also diminishing the amount of the 
base loading to 3.5 mol % gave moderate yields of the C-O cleavage products (entry 4). Remarkably, 
almost no C-C cleavage or elimination reactions were observed in these catalytic reactions. However, the 
yield of the combined coupling products 3 a’ did not match the observed guaiacol 3 a yield. This indicates 
that not all coupling products were successfully identified using GC/MS.  
In order to further understand the activity of complex IX-1 NMR reactions were carried out (figure 10) 
 
Figure 10. 31P-NMR-spectra in d8-toluene a) Reaction of [Ir(PCy3)2(CO)Cl] IX-1 with K2CO3, b) Catalytic cleavage 
of 3 with [Ir(PCy3)2(CO)Cl] IX-1; c) Catalytic cleavage of 3 with IX-1 and K2CO3. 
As shown in figure 10 a, no reaction was observed, when IX-1 was treated with 20 eq. of K2CO3 in 
absence of substrate under catalytic conditions. Likewise, the singlet of IX-1 at δ = 30.8 ppm was the only 
observed signal, when no base was used in the reaction with 3. This is in line with the observed catalytic 
inactivity under these conditions (table 12, entry 1). On the other hand, running the reaction with 
12 mol% of IX-1, 20 mol % of K2CO3 and substrate 3 two new singlets were detected at the end of the 
reaction (Figure 10 c). The major new singlet at δ = 32.9 ppm was tentatively assigned to a phenolato 
complex of type [Ir(PCy3)2(CO)(OC6H4OMe)]. This would indicate a base mediated exchange of the 
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chloride substituent with a guaiacol group.[46] Isolation of this new catalytic species or direct synthesis of a 
phenolato analogue via the reaction of IX-1 with sodium phenolate are plausible steps to further optimize 
the present catalytic system. However, the observed C-O bond cleavage of 3 has a significant intrinsic 
selectivity problem because of the pronounced fragmentation of the coupling product 3 a’. Therefore 
even if the present catalytic system favors the C-O bond cleavage over the C-C bond cleavage and 
elimination reactions, many products will arise with low selectivity. Therefore further efforts need to focus 
on avoiding the fragmentation of coupling product 3 a’. 
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2.4 Lignin Depolymerization with Homogeneous Ruthenium Catalysts 
Since the Ruthenium based systems were very successful in the reductive cleavage of the model 
compounds 2-phenoxy-1-phenylethanol 1 and dilignol 3, the next step was to test these systems on real 
lignin samples. As outlined in the introduction, the first big obstacle in this approach is to find suitable 
analytical methods in order to observe potential disruption of lignin linkages. In this regard correlation 
NMR techniques have shown great promise in recent studies.[18g, 25, 47]  
The lignin used for the following study was isolated from beechwood in the group of Jürgen Puls at the 
vTI Johann Heinrich von Thünen Institut – Institut für Holztechnologie und Holzbiologie (HTB). The 
isolation was done via the organosolv approach[48] by heating beechwood chips in a 1 : 1 ethanol water 
mixture at 180°C for 4 h. Subsequently lignin was precipitated by addition of water to the resulting 
reaction solution. 
The resulting organosolv beechwood lignin was dissolved in dioxane and subsequently analyzed in a d6-
DMSO / d5-pyridine mixture (4 : 1) by 1H-13C-HSQC NMR. The area from 50 ppm – 100 ppm in the 
13C-NMR dimension and 5.8 – 1.8 ppm in the 1H-NMR dimension of the corresponding spectrum is 
depicted in figure 11. 
 
 
Figure 11. 1H-13C-HSQC NMR spectrum of untreated organsolv beechwood lignin in a mixture of d6-DMSO and 
d5-pyridine.  
2.4 Lignin Depolymerization with Homogeneous Ruthenium Catalysts | 127 
 
 
As shown in figure 11, three major linkages could be identified via their characteristic cross peaks.[18g, 47a, 49] 
Firstly, the predominant β-O-4 linkage is present in its free form A and the etherified form A’. This 
etherification is a known consequence of the isolation via the organosolv process.[48, 50] Furthermore the 
respective signals of the Bα-, Bβ- and Bϒ-Protons of the β-5 linkage B were observed. Finally, the β-β 
linkage C was also identified. These results are in line with reported composition of beechwood lignin.[51] 
In addition, a large cross peak was observed at 56.1 / 3.76 ppm, which could be assigned to the methoxy 
functions present in beechwood lignin. 
As the targeted β-O-4 linkage A/A’ could be clearly identified alongside linkages B and C, the next step 
was to see whether a potential disintegration of these linkages promoted by the investigated catalytic 
systems could be observed by 1H-13C-HSQC NMR. Prior to the catalytic reaction a test reaction was 
conducted to see, if the treatment in dioxane at 160 °C affects the observed linkages (figure 12). 
 
 
Figure 12. 1H-13C-HSQC NMR spectrum of organsolv beechwood lignin after being heated in dioxane at 160 °C for 
24 h in d6-DMSO and d5-pyridine.  
As depicted in figure 12, no significant change was observed after heating of lignin in dioxane at 160°C. 
The only exemption is that the correlation signal of the Bβ-proton is omitted by the dioxane peak 
(highlighted in figure 12). However as the corresponding peaks of the Bα and Bγ protons do not change 
when compared to the reference sample in figure 11, this does not indicate any chemical modification by 
the thermal treatment.  This observation is also supported by the corresponding gel permeation 
chromatography (GPC) analysis, which did not show any shift to higher retention times 
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(lower molecular weight), which would indicate potential depolymerization of lignin. On the contrary, a 
slight shift to higher molecular weights could be observed. This might be caused by thermally induced 
crosslinking/re-polymerization processes (figure 13).[11a]  
 
Figure 13. Comparison of the GPC of blank reaction at 160 °C and untreated organosolv beechwood lignin 
(reference trace). 
Subsequently, the first catalytic attempt was then conducted with the [HRu(PPh3)3Cl] / Triphos in situ 
system, which has proven effective in the selective C-C bond cleavage of dilignol 3. In analogy to the work 
of Bergman on Miscanthus angiosperm lignin,[27] beechwood lignin was treated with 25 wt% of 
[HRu(PPh3)3Cl] and equimolar amounts of Triphos ligand in dioxane solution. The resulting dark brown 
solution was heated at 160 °C for 24 h in a 20 mL autoclave. The resulting solution was concentrated and 
dissolved in d6-DMSO / d5-pyridine mixture (4:1). The resulting 1H-13C-HSQC NMR spectrum is shown 
in figure 14. 
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Figure 14. 1H-13C-HSQC NMR spectrum of organsolv beechwood lignin in d6-DMSO and d5-pyridine after 
treatment with [HRu(PPh3)3Cl] / Triphos in situ system.  
From figure 14, it is clear that the β-β linkage C was not affected by the catalytic system. This is plausible 
because the fused furan rings represent a very rigid structure and do not exhibit any hydroxyl function, 
allowing coordination of the catalyst. On the other hand, the corresponding Bα-, Bβ- and Bγ, signals of the 
β-5 linkage B decreased in intensity. As the opening of the furan ring is very challenging, it could be 
proposed that the catalyst promotes dehydrogenation of the primary hydroxyl function of B. Surprisingly, 
the signals of the targeted β-O-4 linkage A only showed a slight change compared to the reference sample 
in figure 11. Conversely, the signal at 80.9 / 4.69 ppm corresponding to the A’α’ proton of the etherified 
β-O-4 linkage A’ disappeared more significantly (figure 14). These findings indicate that the in situ system 
shows a different reactivity on beechwood lignin than observed for dilignol 3, where the etherification of 
the secondary hydroxyl function inhibited any reactivity. To support the findings of the NMR study, the 
corresponding lignin fraction after the catalytic reaction was analyzed with GPC (figure 15). 
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Figure 15. Comparison of the GPC of blank reaction at 160 °C and lignin fraction after treatment with 
[HRu(PPh3)3Cl] / Triphos in situ system. The peaks at 27 min and 29 min stem from the catalyst precursor. 
As depicted in figure 15, the [HRu(PPh3)3Cl] / Triphos catalytic system promoted only a slight change in 
the Mw distribution. This is in line with the observation of the 1H-13C-HSQC-NMR studies, which showed 
that the present catalytic system did not affect the predominant β-O-4 linkage A in a significant way.  
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As a next candidate complex [HRu(Triphos)(CO)Cl] VI-1 was tested under identical reaction conditions 
(figures 16 and 17). 
 
 
 
Figure 16. 1H-13C-HSQC NMR spectrum of organsolv beechwood lignin in d6-DMSO and d5-pyridine after 
treatment with complex [HRu(Triphos)(CO)Cl] VI-1.  
The catalytic reaction with VI-1 showed only slight changes in the 1H-13C-HSQC-NMR spectra, when 
compared to the reference measurements. While the intensity of correlation signals of the β-5 linkage B 
was reduced, the signals of the other two linkages were not affected by the catalytic treatment (figure 16).  
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Figure 17. Comparison of the GPC of blank reaction at 160 °C and treatment with [HRu(Triphos)(CO)Cl] VI-1. 
The signal at 27 min stems from the catalyst precursor. 
The low activity observed in the 1H-13C-HSQC NMR analysis was confirmed by the corresponding GP 
chromatogram, where no difference between the blank reaction and the catalytic reaction with VI-1 was 
observed (figure 17). This indicates that the two catalytic systems, that are effective in the C-C bond 
cleavage in the dilignol model compounds of type 3, do not promote efficient disintegration of 
beechwood organsolv lignin.  
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Finally, [Ru(BDEPP)TMM] III-1 was tested in the catalytic depolymerization of beechwood lignin. The 
corresponding 1H-13C-HSQC NMR spectrum after the catalytic reaction is shown in figure 18. 
 
Figure 18. 1H-13C-HSQC NMR spectrum of organsolv beechwood lignin in d6-DMSO and d5-pyridine after 
treatment with complex [Ru(BDEPP)TMM] III-1. 
As depicted in figure 18, complex III-1 promoted the disintegration of the β-O-4-linkage A as evidenced 
by the reduction in intensity of the Aα and Aβ correlation signals. Notably, both the syringol Aβ(S) as well 
as the guaiacol Aβ(G) units seem to be affected by the catalytic system. On the other hand, the 
corresponding etherified β-O-4 linkage A’ was also cleaved as indicated by the disappearance of the 
corresponding A’α and A’β signals. This was unexpected because the model compound studies have shown 
that the secondary hydroxyl function serves as the hydrogen supply for the reductive C-O bond cleavage. 
Furthermore the ethoxylated secondary hydroxyl function A’α-OEt was not touched under the present 
reaction conditions (see figure 18). This suggests that the hydrogen equivalent required for the reductive 
C-O bond cleavage must come from another hydroxyl function. This hypothesis fits to the control 
reactions depicted in scheme 11, where 1-phenylethanol 4 was employed as external hydrogen source. 
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This hypothesis was further probed by reacting etherified model compound 13 in the presence and the 
absence of external hydrogen donor 1-phenylethanol 4 (scheme 24). 
 
Scheme 24. Cleavage of etherified β-O-4 model compound 13 with external hydrogen donors promoted by III-1. 
As shown in scheme 24, model compound 13 was not susceptible to cleavage by III-1 without an external 
H2-donor. However, adding 100 mol% of external hydrogen donor 1-phenylethanol 4 yielded similar 
amounts of guaiacol 3 a as for the non-etherified substrate 3. This suggests that the etherified β-O-4 
linkage can indeed be cleaved with the help of external hydrogen donors. 
Furthermore, the intensity of the β-5 linkage B signals were significantly reduced using 
[Ru(BDEPP)TMM] III-1 as catalyst. On the other hand, the rigid β-β linkage C was not affected under 
the applied conditions. In addition to the disappearance of the A, A’ and B linkage signals, new correlation 
peaks were observed (highlighted in blue in figure 18). This indicates that the observed reactivity is not 
just a mere dehydrogenation of the respective hydroxyl functions, but an actual cleavage of the linkage 
structures. As the signal of the Aα proton does not overlap with any other signal in the corresponding 
1H-NMR spectrum, it can be quantified using mesitylene as internal standard.  
Figure 19 shows the amount of the Aα proton n(Aα) after the catalytic reaction with different loadings of 
III-1. 
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Figure 19. Quantification of the Aα proton after catalytic depolymerization of organsolv beechwood lignin at 160°C 
for 24 h with [Ru(BDEPP)TMM] III-1 at different catalyst loadings. 
As depicted in figure 19, the amount of the Aα proton n(Aα) clearly correlates with the applied catalyst 
loading. In this respect, at 25 wt% loading a conversion of 80% was achieved after 24 h at 160 °C. As the 
NMR analysis of the catalytic depolymerization of beechwood lignin with [Ru(BDEPP)TMM] III-1 was 
promising, GPC studies were carried out (figure 20).  
 
Figure 20. Catalytic depolymerization of beechwood lignin (100 mg) in 10 mL dioxane at 160°C with 
[Ru(BDEPP)TMM] III-1 (0.04 mmol) for: (a) untreated beechwood lignin (b) 2 h (c) 15 h (d) 36 h and (d) 72 h. 
As depicted in figure 20, a clear shift to lower molecular weights (higher retention times) was observed 
with increased reaction times. Initially, only a small change could be observed after 2 h (figure 20 b), 
whereas a significant broadening of the Mw  distribution was detected after 15 h reaction time (figure 20 c). 
This effect became even more pronounced after 36 h and 72 h reaction time (figure 20 d and e). To get a 
better grasp on the degree of depolymerization observed in GPC, the Mw of the respective base peaks was 
determined by calibrating the GPC method with polystyrene standards. The corresponding molecular 
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weights Mw are shown in figure 20. A continuous decrease of the Mw of the base peak was observed until 
36 h reaction time, where the catalytic activity of III-1 levels out. In this regard a shift from untreated 
lignin Mw = 4290 Da to 3352 Da was achieved after 15 h reaction time. In comparison the 
[H2Ru(PPh3)3CO] / Xantphos system reported by Bergman and Ellman decreased the Mw of the base 
peak to 3813 Da under identical conditions.[19] This indicates that III-1 is in fact a promising candidate for 
the depolymerization of lignin.  
Building on the observed significant shift of the molecular weight distribution in GPC analysis and the 
appearance of new cross signals in the corresponding 1H-13C-HSQC NMR spectra, the reaction solution 
was analyzed by GCxGC to identify potential monomeric products (figure 21). 
  
 
Figure 21. GCxGC of organsolv beechwood lignin after treatment with [Ru(BDEPP)TMM] III-1 at 160 °C for 72 h 
in dioxane. Yields of the products are given in mol% C with respect to the determined carbon content of the 
organsolv beechwood lignin. 
As depicted in figure 21, several monomeric products derived from the sinapyl and coniferyl alcohol 
structure were detected. This corresponds to the reported composition of beechwood lignin.[51] 
Furthermore the detected monomeric products mainly consist of phenol derivatives and their ketone or 
aldehyde counterparts, this is in very good agreement with the observed product spectrum obtained in the 
catalytic reaction of III-1 with dilignol 3 (see scheme 15). It indicates that the proposed tandem 
dehydrogenation / reductive C-O bond cleavage sequence is also applicable to lignin. Furthermore, the 
amounts of the respective products were quantified using dibutylether as internal standard and are given in 
mol% C with respect to the determined carbon content of the studied beechwood lignin. As shown in 
figure 21, the yields of the observed monomeric product were still very low giving a combined yield of 
5.1 mol% C (5.2 wt%). In comparison, the combined amount of the detected monomeric products 
reported by Toste and co-workers for the vanadium promoted oxidative depolymerization of lignin from 
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miscanthus angiosperm was 2.6 wt%. It is important to note however, that a direct comparison of both 
catalytic systems is not valid as the study of Toste was done on a different source of lignin, with different 
reaction conditions and different quantified products.[25] Nevertheless, this suggests that III-1’s efficiency 
is in the same order of magnitude when compared to state of the art systems.  
Thus [Ru(BDEPP)TMM] III-1 is suitable to partly depolymerize lignin to lower molecular weight 
oligomers but does not enable an efficient full depolymerization to monomeric products. This was not 
unexpected, since III-1 was designed to selectively cleave the β-O-4 linkage. In other words complex III-1 
might be too selective to be applied as general depolymerization catalyst. 
In this regard, both systems that promoted the selective cleavage of dilignol 3 (complex 
[HRu(Triphos)(CO)Cl] VI-1 and [HRu(PPh3)3Cl] / Triphos) were ineffective in the application to 
beechwood lignin. This discrepancy suggests that these systems are too specific to promote efficient lignin 
degradation. On the other hand, the fact that catalyst candidate III-1 is able to depolymerize lignin and to 
even produce small amounts of monomeric products strengthens the argument for the herein applied 
model compound based catalyst development approach.[25] In future studies it would be interesting to test 
the potential of the Iridium-based catalytic system in the depolymerization of organsolv beechwood lignin. 
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2.5 Combining Heterogeneous and Homogeneous Catalysis for Selective Lignin 
Depolymerization5 
Although the production of monomeric products from lignin with [Ru(BDEPP)TMM] III-1 is very 
promising at this stage, the results in chapter 2.4 have also shown, that a complete depolymerization of 
lignin by a single catalytic system will be challenging. Therefore a new concept was envisaged, where the 
assets of homogeneous and heterogeneous catalysis are combined (figure 22).  
 
 
Figure 22. Concept of the approach of using homogeneous catalyst in combination with Raney Nickel as 
heterogeneous catalyst. 
While heterogeneous catalysts such as Raney Nickel are efficient in the conversion of monomeric and 
dimeric lignin-derived compounds, the conversion of lignin itself is challenging due to its macromolecular 
nature.[52] In other words, Raney Nickel requires a pre-depolymerization of lignin in order to be able to 
convert it. This caveat can be overcome by thermal degradation of lignin and therefore current lignin 
depolymerization approaches employing heterogeneous catalysts require high temperatures.[8] The 
rationale of the envisaged approach is therefore a selective pre-depolymerization via internal H-Transfer 
promoted by [Ru(BDEPP)TMM] III-1 instead of unselective thermolysis, in order to be able to work at 
lower temperatures and potentially enable new selectivity.  
The initial task was to investigate the influence of the reaction temperature on Raney Nickel catalyzed 
lignin depolymerization via external H-Transfer from iso-propanol (i-PrOH). Therefore beechwood lignin 
was treated with Raney Nickel in i-PrOH for 15 h at different temperatures and subjecting the resulting 
lignin fraction to GPC analysis (figure 23). These transfer hydrogenation conditions were used, because it 
has been shown previously, that the use of i-PrOH as hydrogen source instead of molecular hydrogen 
increases the efficiency of Raney Nickel with regard to the cleavage of aryl ethers.[52b]  
As shown in figure 23, running the reaction at 140 °C (figure 23 b) did not result in any shift to lower MW, 
when compared to untreated lignin (figure 23 a). Likewise, the lignin fraction after reaction with Raney 
Nickel and i-PrOH at 160°C showed no significant shift of the base peak (figure 23 c). It is important to 
note however, that the Mw distribution after treatment with Raney Ni at 160 °C is narrower than the one 
observed for untreated lignin. This suggests that smaller fractions of lignin (with retention times 
> ~20 min) can be converted by Raney Ni even at these mild conditions. In contrast, a clear shift of the 
base peak and a broad Mw distribution was observed, when the reaction was run at 180 °C (figure 23 d). 
Consistently, this effect is even more pronounced at 200 °C (figure 23 e). These results clearly show that 
Raney Nickel is able to depolymerize lignin in i-PrOH at 180 °C.[53]   
                                                          
5 This chapter was done in collaboration with Dr. Jan Geboers and Dr. Roberto Rinaldi at the Max Planck Institut 
für Kohlenforschung in Mülheim an der Ruhr 
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Figure 23. GP chromatograms of lignin after treatment with Raney Ni in i-PrOH at a) untreated lignin, b) 140 °C, 
c) 160 °C, d) 180 °C and e) 200 °C. 
In line with the results of the GPC analysis, the effect of the reaction temperature was also clearly 
observed in the formation of monomeric products. Figure 24 shows the corresponding GCxGC 
chromatograms of the catalytic reaction of beechwood lignin with Raney Ni at 140 °C (figure 24 a) and 
200 °C (figure 24 b).  
 
 
 
untreated 
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180 °C 
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Figure 24 a. GCxGC chromatogram of reaction solution of H-Transfer reaction with Raney Nickel in i-PrOH at 
140 °C. 
 
Figure 24 b. GCxGC chromatogram of reaction solution of H-Transfer reaction with Raney Nickel in i-PrOH at 
200 °C. 
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The obtained products at 140 °C mainly consist of cyclohexanol and cycohexane derivatives. And while 
only six significant products were obtained at 140 °C, the corresponding reaction at 200 °C showed a 
complex and broad product spectrum. This confirms the observation that high temperatures partly 
depolymerize and make it more accessible for the Raney Ni promoted conversion. Notably, aromatic 
compounds as well as ketones are observed at 200 °C, this in line with the observation that Raney Ni also 
promotes dehydrogenation processes.[52a] However, an important observation from figure 24 is that the 
temperature driven reaction primarily gives more alternative products instead of increasing the yield of 
products observed at lower temperatures such as cyclohexanol derivatives. This emphasizes that the 
depolymerization with Raney Ni at elevated temperatures is not selective and does not allow any control 
over the product spectrum.  
According to these results, it is clear that Raney Ni can convert lower molecular weight fractions in 
i-PrOH at temperatures below 160 °C, but does not promote a significant lignin depolymerization on its 
own. Therefore beechwood lignin was pre-treated with [Ru(BDEPP)TMM] III-1 at 160 °C in dioxane. 
The resulting solution was then evaporated and re-suspended in i-PrOH and treated with Raney-Nickel at 
160°C for 15 h. The resulting lignin fractions were then analyzed with GPC (figure 25). 
 
Figure 25. GP chromatograms of lignin after pretreatment with [Ru(BDEPP)TMM] III-1 in dioxane at 160 °C and 
subsequent reaction at 160°C with Raney Ni for 15 h in i-PrOH. Pretreatment time: a) 0 h, b) 2 h, c) 15 h and 
d) 72 h pretreatment time. 
As shown in figure 25, only slight differences from the reaction of Raney Nickel in i-PrOH at 160 °C with 
untreated beechwood lignin and lignin which was pretreated with III-1 for 2 h were observed 
(figure 25 a and b). On the other hand, a clear shift to lower MW (higher retention times) was observed, 
when beechwood lignin was pretreated with III-1 for 15 h prior to the treatment with Raney Nickel 
(figure 25 c). These observations are in line with the results of the pretreatment step in figure 20, where 
significant depolymerization of beechwood lignin by III-1 required a reaction time of 15 h. The 
pretreatment effect on the activity of Raney Nickel is further pronounced after 72 h reaction time (figure 
25 d). It is important to note, that the Mw distribution in the GPC after the treatment with both catalysts is 
significantly narrower than the corresponding GPC’s of the pretreatment step (compare figures 20 and 
25). In agreement with these observations a continuous decrease of the Mw of the base peak of 
beechwood lignin was observed from 4307 Da for the reaction of Raney Ni at 160 °C of unpretreated 
beechwood lignin down to 3249 Da for the lignin pretreated for 72 h with III-1 (figure 26).  
0 h 
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Figure 26. Mw of the base peak after the pretreatment with [Ru(BDEPP)TMM] III-1 and subsequent reaction with 
Raney Ni at 160 °C for 15 h in i-PrOH at different pretreatment times. 
The decrease of the Mw of the base peak observed for the lignin fractions obtained after the sequential 
treatment with III-1 and Raney Ni is similar to the one observed for the pretreatment step (see figure 20). 
This supports the hypothesis that Raney Ni is not able to further depolymerize lignin at 160°C. On the 
other hand, when the chromatograms of the pretreated lignin and the corresponding lignin fraction 
resulting from combination of III-1 and Raney Ni are compared in detail, it becomes evident, which 
fraction is converted by Raney Ni (figure 27).  
 
Figure 27. Comparison of the GP chromatograms after 72 h Pretreatment (dashed line) and 72 h pretreatment and 
subsequent treatment with Raney Nickel at 160 °C in i-PrOH for 15 h (solid line). 
As shown in figure 27, the smaller Mw fractions (retention times > ~20 min) produced by pre-treatment 
with [Ru(BDEPP)TMM] III-1 are converted by Raney Ni in the H-Transfer step at 160 °C. On the other 
hand, lignin fraction with higher molecular weight (retention times < ~20 min) are not accessible for 
Raney Ni. This limited conversion also explains the narrower molecular weight distribution of the lignin 
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fractions obtained after sequential treatment with III-1 and Raney Ni shown in figure 25, when compared 
to the respective lignin fractions after the pretreatment step (figure 20). In line with these observations, a 
precipitate could be isolated from the i-PrOH solution after the Raney Nickel step. Figure 28 shows the 
GP chromatograms of the isolated bio-polymer and the GPC of the whole fraction. 
 
Figure 28. GP chromatograms of the isolated bio-polymer (dashed line) and GP of the entire fraction (solid line) 
obtained after 15 h pretreatment with III-1 and subsequent 15 h reaction with Raney Ni at 160°C in i-PrOH. 
As depicted in figure 28, the GPC of the isolated biopolymer is indeed the fraction, which was not 
converted in the Raney Ni step.  
These results confirm the envisaged approach, that the homogeneous catalyst III-1 partly depolymerizes 
lignin in order to enable a low temperature conversion with Raney Ni, thereby avoiding the requirement 
for high temperatures. This effect should also be observable in the correspondingly produced monomer 
fraction. 
Therefore the next step was to analyze potential monomeric and dimeric products by GCxGC analysis. 
Figure 29 shows the GCxGC chromatogram of the solution of a reference reaction, where organosolv 
beechwood lignin was heated in dioxane at 160 °C for 15 h, the resulting solution evaporated, re-dissolved 
in i-PrOH and reacted with Raney Ni at 160 °C for 15 h (figure 29). 
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Figure 29. GCxGC chromatogram of reaction solution after pretreatment at 160 °C for 15 h in dioxane without 
catalyst and subsequent reaction with Raney Ni in i-PrOH at 160 °C for 15 h.  
As depicted in figure 29, the obtained monomeric products consist mainly of cyclohexanol derivatives. In 
addition, further deoxygenation to ethyl- and propylcyclohexanol was also observed. At higher retention 
times, small amounts of dimeric derivatives of cyclohexanol were also detected. This product spectrum 
corresponds to the product spectrum that was obtained after the reaction using Raney-Ni H-Transfer at 
140 °C without pretreatment depicted in figure 24 a. 
Figure 30 shows the GCxGC chromatogram of the same reaction but using III-1 in the pretreatment step. 
As depicted in figure 30, the use of [Ru(BDEPP)TMM] III-1 in the pretreatment has a pronounced effect 
on the production of monomeric products. The spots for the previously observed cyclohexanol 
derivatives were significantly more intense, which indicates a higher GCxGC yields (vide infra). This is 
especially pronounced for the higher oxygenated compounds such as 2-hydroxy-4-propylhexanol. 
Furthermore, new compounds such as 2-methoxy-3-hydroxy-5-propylcyclohexanol were observed. 
Moreover the amount of cyclohexane dimers is significantly higher with pretreatment in presence of 
catalyst III-1. These observations suggest that the degree of depolymerization of the combined catalyst 
system is more advanced, which is in line with the GPC results. Furthermore the higher oxygenated 
cyclohexane derivatives obtained with the combination of III-1 with Raney Ni were not observed in the 
reaction with Raney Ni at 200°C in figure 24 b. This indicates that the use of III-1 in the pretreatment 
step gives rise to products that are not accessible with Raney Ni alone. 
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Figure 30. GCxGC chromatogram of reaction solution after pretreatment at 160 °C for 15 h in dioxane with 
[Ru(BDEPP)TMM] III-1 as catalyst and subsequent 15 h reaction with Raney-Ni in i-PrOH at 160 °C.  
In order to get a better overview on the efficiency of the respective systems, the yields of the monomeric 
products were quantified using dibutylether as internal standard (table 13). Monomeric products are 
defined as molecules with one ring system and only compounds with a yield > 0.1 % were considered.  
 
The results summarized in table 13 support the observation that the pretreatment with 
[Ru(BDEPP)TMM] III-1 significantly increases the efficiency of lignin depolymerization with Raney Ni at 
160 °C. This is particularly apparent for the simple cyclohexanol derivatives, where the combined catalyst 
system yielded 20.7 % of monomeric products, when compared to the reference reaction, where lignin 
was pretreated in pure dioxane (8.8 %). Moreover, the obtained yield of cyclohexanols of the combined 
approach was higher than the amount of cyclohexanols obtained for the thermolysis governed reaction of 
unpretreated lignin with Raney Ni at 200 °C (12 %) (entry 1). On the other hand, more of the cycloalkanes 
ethylcyclohexane and propylcyclohexane were formed in absence of catalyst III-1 in the pretreatment step 
(entry 2). This indicates, that the combination of [Ru(BDEPP)TMM] III-1 and Raney Ni at 160 °C 
increases the selectivity towards oxygenated cycloalkanes (see figure 31). Furthermore, higher oxygenated 
derivatives such as 2-methoxy-5-propylcyclohexane-1,3-diol were preferably formed under these 
conditions (entries 3-6). This further emphasizes the change in selectivity governed by pretreatment with 
homogeneous catalyst III-1 instead of relying on unselective thermolysis. It is interesting to note that 
small amounts (2 %) of cyclic ketones were only observed for the Raney Ni reaction at 200 °C (entry 7). 
This is plausible, as Raney Ni also promotes dehydrogenation, which is generally endothermic.[52a] The 
obtained yields suggest that the activity of the combined system at 160 °C is very competitive to the 
Raney-Ni reaction at 200°C within the range of the quantified compounds (Figure 31).  
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Table 13. Comparison of monomeric products for the respective systems.
[a] 
Entry Product System Yield 
  
R Pretreatment TH-Transfer [°C] [%] 
1 
 
H, CH3, 
CH2CH3, 
(CH2)2CH3 
dioxane, no catalyst 160 8.8 
dioxane, [Ru(BDEPP)TMM] III-1 160 20.7 
- 200 12 
2 
 
CH2CH3, 
(CH2)2CH3 
dioxane, no catalyst 160 3.6 
dioxane, [Ru(BDEPP)TMM] III-1 160 1.7 
- 200 5 
3 
 
dioxane, no catalyst 160 0.3 
dioxane, [Ru(BDEPP)TMM] III-1 160 0.7 
- 200 0.1 
4 
 
dioxane, no catalyst 160 0.3 
dioxane, [Ru(BDEPP)TMM] III-1 160 0.5 
- 200 0 
5 
 
dioxane, no catalyst 160 0 
dioxane, [Ru(BDEPP)TMM] III-1 160 0.1 
- 200 0 
6 
 
dioxane, no catalyst 160 0 
dioxane, [Ru(BDEPP)TMM] III-1 160 1.3 
- 200 0 
7 
 
CH2CH3, 
(CH2)2CH
3 
dioxane, no catalyst 160 0 
dioxane, [Ru(BDEPP)TMM] III-1 160 
0 
- 200 
2 
[a] Reaction conditions: Combined system: 1. Pretreatment 100 mg lignin, 0.04 mmol III-1, 10 mL dioxane, 
160 °C. 2. H-Transfer: residue of 5 mL of pretreated solution, 0.5 g Raney-Ni (wet), 10 mL i-PrOH. Simple H-
Transfer: 50 mg lignin, 0.5 g Raney Ni (wet), 10 mL i-PrOH. Yields determined by GCxGC using dibutylether 
as internal standard. Yields are given in mol% C based on the determined carbon content of beechwood 
organosolv lignin. 
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Figure 31. Detected monomeric cyclic oxygenates and cyclic alkanes for the three system A) Combined catalytic 
system B) Raney Ni at 160°C and C) Raney Ni at 200 °C. 
In addition to the a novel selectivity towards higher oxygenated products and the formation of new 
products governed by [Ru(BDEPP)TMM] III-1, the catalytic pretreatment also selectively increases the 
yields of previously observed monomeric products. This is in contrast to the results with Raney Ni at 
200 °C, which primarily gave a more complex product spectrum. 
An important point to address is whether the combination of both catalytic approaches has a synergetic 
effect (table 14). 
 Table 14. Comparison of volatile products for the respective systems.[a] 
Entry System Total Yield of monomeric products 
    
 
Pretreatment TH-Transfer [°C] [%] 
1 dioxane, no catalyst 160 13.1 
2 dioxane, III-1 160 25.0 
3 dioxane, III-1 - 2.8 
[a] Reaction conditions: Combined system: 1. Pretreatment 100 mg lignin, 0.04 mmol III-1, 10 mL dioxane, 
160 °C. 2. H-Transfer: residue of 5 mL of pretreated solution, 0.5 g Raney-Ni (wet), 10 mL i-PrOH. Yields 
determined by GCxGC using dibutylether as internal standard. Yields are given in mol% C based on the 
determined carbon content of beechwood lignin. 
 
The comparison of the combined yields of the volatiles further confirms the observation that the use of 
[Ru(BDEPP)TMM] III-1 significantly increases the lignin depolymerization efficiency. In this regard, 
applying the pretreatemt step with III-1 before the Raney Ni catalyzed H-Transfer in i-PrOH yields 
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almost the two fold amount of products when compared to the reference reaction with pretreatment in 
pure dioxane (entries 1 and 2). Moreover the sum of monomeric products of the individual steps 
pretreatment (enry 3) and the reference H-Transfer with Raney Ni at 160°C (entry 1) adds up to 15.9 %. 
This represents only 64 % of the yield obtained for the combination of III-1 with Raney Ni. This suggests 
that there is indeed a significant synergetic effect. Furthermore the detected yield of monomeric products 
is very competitive to state of the art lignin depolymerization systems.[54] 
In summary, these results show that concept of using homogeneous catalyst [Ru(BDEPP)TMM] III-1 as a 
pretreatment prior to further conversion with Raney Nickel yields an efficient and very selective lignin 
depolymerization approach. Furthermore this is a nice example of combining two catalytic tools to create 
synergetic increase of the catalytic efficiency. 
To further exploit this synergetic effect, the current two step procedure should be developed into a one-
pot process in future studies. Currently, this is not possible since the phenyl groups of III-1 adsorb to 
Raney-Ni and therefore [Ru(BDEPP)TMM] III-1 is decomposed in the Raney Nickel treatment. As this is 
just a conceptual work at present stage there is a lot of room for optimization of the individual steps.  
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3 Conclusion and Outlook 
 
In summary, novel homogeneous systems have been developed, which are able to depolymerize lignin via 
selective transfer hydrogenolysis.   
Initial studies in this chapter showed the activity of hydrogenation catalyst [Ru(BDEPP)TMM] III-1 to 
promote the selective C-O bond cleavage in the simplified β-O-4 linkage model compound 2-phenoxy-1-
phenylethanol 1. Initial mechanistic investigations suggest a diphenolato [Ru(BDEPP)(OC6H5)2] III-2 
complex as active species. 
Progressing to the more challenging dilignol model compound 3 showed that the additional primary 
hydroxy function changes the selectivity considerably. Further catalyst design identified two new catalytic 
systems based on [HRu(Triphos)(CO)Cl] VI-1 and in situ system [HRu(PPh3)3Cl] / Triphos, which were 
able to promote a selective cleavage of 3 via a novel catalytic retro-aldol C-C cleavage pathway.  
Furthermore the use of Vaska complex [Ir(PCy3)2(CO)Cl] IX-1 together with K2CO3 as base could 
promote the effective C-O bond cleavage of dilignol 3. This selectivity control on the molecular level 
emphasizes that homogeneous catalysts are viable tools to pave the way for a selective lignin 
depolymerization.  
The catalyst candidates identified in the model compound studies were then tested in the 
depolymerization of organsolv beechwood lignin. The combined data of 1H-13C-HSQCNMR, GPC and 
GCxGC analysis showed that [Ru(BDEPP)TMM] III-1 is the most promising candidate of the tested 
catalytic systems. In this way even monomeric aromatic products could be obtained directly from lignin.   
The studies on lignin have also shown that the selectivity of the developed homogeneous catalysts makes 
full depolymerization of lignin challenging. Therefore the depolymerization ability of 
[Ru(BDEPP)TMM] III-1 was implemented in a new approach, where the homogeneous catalyst promotes 
a selective pretreatment of lignin, which is subsequently treated with Raney Nickel under transfer 
hydrogenation conditions to afford monomeric products. These investigations showed that the use of the 
homogeneous catalyst greatly enhances efficiency of the overall depolymerization and induces new 
selectivity, which gives access to products, which are not accessible via thermolysis. 
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The selective intramolecular transfer hydrogenolysis approach studied in this work has proven to be a 
viable tool for the disintegration of lignin linkages. On the other hand, it was shown in the lignin 
depolymerization experiments that an intermolecular transfer hydrogenolysis with an external hydrogen 
donor is also possible. This would enable the cleavage of lignin linkage structures which do not exhibit an 
alcohol function as hydrogen donor. Therefore building on the hydrogenolysis studies of Hartwig[16] 
preliminary efforts were carried out to develop a homogeneous intermolecular transfer hydrogenolysis 
system based on Nickel. As a test reaction diphenylether was treated with various Ni(0) precursor and N-
heterocyclic carbene (NHC) ligands in i-PrOH (table 15). 
 
Table 15. Homogeneous transfer hydrogenolysis of diphenylether.
[a] 
 
 
Entry Cat Conversion Phenol Benzene 
   [%] [%] [%] 
1 Ni(COD)2 (5) / iPr (5) 56 12 49 
2 Ni(COD)2 (5) / iPr (10) 31 11 22 
3 Ni(iMes)2 (5) 21 23 21 
4 Ni(iPr)2 (5) 22 14 17 
5 Ni(iPr)hexadiene (5) 41 25 38 
[a] Reactions conditions: 0.2 mmol diphenlyether, 0.01 mmol catalyst, 1 mL i-PrOH, 140 °C. 
Yields determined by GC. iPr = N,N'-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-
ylidene), SiPr = N,N'-1,3-bis(2,6-diisopropylphenyl)-4,5-dihydro-imidazol-2-ylidene. 
 
As depicted in table 15, the treatment of diphenylether with different combinations of Nickel(0) 
precursors and NHC ligands at 140 °C in i-PrOH yielded the cleavage products phenol and benzene. 
While these initial results are encouraging, the stability of the Ni(0) species is still a challenge. In this 
regard formation of metallic Nickel was observed in the course of the catalytic reactions resulting in ring 
hydrogenation of phenol to cyclohexanol.6 This is also the reason why the yields of the cleavage products 
in table 15 do not match. Further efforts therefore need to focus on developing more stable Ni(0) species. 
Apart from the general challenge of lignin depolymerization, the metal catalyzed retro-aldol cleavage 
developed in this chapter is a new and interesting transformation and therefore its potential and synthetic 
utility need to be explored further. Along these lines the corresponding mechanistic proposal (see chapter 
2.2) suggests that the reaction is reversible. Therefore a first attempt was conducted reacting 
2-phenoxyethanol 18 with 3,4-dimethoxybenzaldehyde 3 b (scheme 25). 
                                                          
6
 In these preliminary results cyclohexanol was not quantified. 
3 Conclusion and Outlook | 151 
 
 
Scheme 25. Ruthenium promoted C-C coupling of 2-phenoxyethanol 18 and 3,4-dimethoxybenzaldehyde 3 a. 
Identification of products via GC/MS. Conversion and Selectivity determined by GC area. 
As depicted in scheme 25, coupling product 19 was obtained with 23 % selectivity. However next to the 
cross coupling product 19, homo-coupling of 2-phenoxyethanol 18 to product 20 and of aldehyde 3 a to 
product 21 was also observed. On the other hand formation of 3,4-dimethoxybenzylalcohol 3 a’ with 
36 % selectivity indicates that transfer hydrogenation is a main side reaction under these conditions. In 
addition to these competing side reactions the coupling products 19 and 20 are further converted to their 
C-O bond cleavage products 19 a and 20 a.  
While these are very preliminary results, it shows that the C-C bond cleavage is indeed reversible and that 
the respective catalytic system might be suitable platform to develop novel coupling methodologies. 
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4 Experimental 
4.1 General considerations 
If not stated otherwise, all reactions and preparations were carried out under argon atmosphere using a 
glovebox or standard Schlenk technique. Argon 4.6 of the firm PRAXAIR was used. Argon was purified 
with a MB 100-HP device of the firm M. BRAUN Inertgas-Systeme GmbH. Glassware was dried by 
heating at 400 °C under high vacuum and flushing with argon for several times. 
 
4.2 Reagents  
If not stated otherwise, all commercial reagents were used as received without any further purification. 
Solvents toluene, xylene, benzene, dioxane and pentane were degassed by flushing with argon with a frit 
for 3 h and dried and stored over molecular sieve 3Å and 4Å. Deuterated solvent were degassed by freeze 
thawing and stored over molecular sieve. The water content of all organic solvents was monitored by Carl 
Fischer titration (METHROM 756 F Coulometer) 
Reagent Supplier Purity 
  [%] 
Metal precursors and Ligands   
   
Bis(1,5-cyclooctadiene)diiridium(I) dichloride Aldrich 97 
Bis(2-diphenylphosphinoethyl)phenylphosphine Sigma Aldrich 97 
Bis(2-methylallyl)(1,5-cyclooctadiene)ruthenium(II) Umicore n. a. 
4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene Sigma Aldrich 97 
1,2-Bis(diphenylphosphino)ethane ABCR 97 
1,3-Bis(diphenylphosphino)propane ABCR 98 
Carbonylchlorohydridotri(triphenylphosphine)ruthenium(II) Umicore n. a. 
Carbonyldihydridotris(triphenylphosphine)ruthenium(II) Sigma Aldrich n. a. 
Chlorohydridotris(triphenylphosphine) ruthenium(II) Sigma Aldrich 95 
Chlorohydridotris(triphenylphosphine) ruthenium(II) toluene adduct STREM 98 
Chlorotris(triphenylphosphine)ruthenium(II) acetate Sigma Aldrich 97 
Dihydridotetrakis(triphenylphosphine)ruthenium(II) Acros International 97 
Dichloro(pentamethylcyclopentadienyl)iridium(III) dimer ABCR n. a. 
Tetrakis(dimethylsulfoxide)dichlororuthenium(II) ABCR 98 
Tricyclohexylphosphine Alfa Aesar 96 
1,1,1-Tris(diphenylphosphinomethyl)ethane  Sigma Aldrich n. a. 
Tris(triphenylphosphine)ruthenium(II) dichloride Aldrich 97 
Raney Nickel 2800 Sigma Aldrich n. a. 
   
Reagents, Standards and Additives   
   
Ammonium hexafluorophosphate Sigma Aldrich 99.99 
2-Bromoacetophenone Sigma Aldrich 98 
2-Chloroethanol Sigma Aldrich 99 
Dodecane Fluka >99.8 
Mesitylene Fluka >99.8 
Potassium carbonate Sigma Aldrich 99 
Potassium tert-butoxide Sigma Aldrich 99.99 
Pentafluorophenol Sigma Aldrich >99 
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Reagent Supplier Purity 
  [%] 
Solvents   
   
d6-Benzene Eurisotop 99.8 
1,4-Dioxane (anhydrous) Sigma Aldrich 99.8 
d6-Dimethylsulfoxide (d6-DMSO) Eurisotop 99.8 
d2-Dichlormethane (d2-DCM) Eurisotop 99.8 
d5-Pyridine  Sigma Aldrich 99.5 
iso-Propanol (i-PrOH) Sigma Aldrich 99.9 
Tetrahydrofurane (THF, inhibitor free) Sigma Aldrich > 99  
d8-Toluene (d8-toluene) Eurisotop 99.8 
o-Xylene Sigma Aldrich 99 
   
Substrates   
   
Diphenylether Sigma Aldrich >99 
rac-1-Phenylethanol Sigma Aldrich 98 
2-Phenoxyethanol Sigma Aldrich 99 
   
Products (for Analysis)   
   
Acetophenone Fluka 99 
Benzene (anhydrous) Sigma Aldrich 99.8 
Benzylalcohol Sigma Aldrich 99.0 
Benzaldehyde Fluka 99 
1,2-Dimethoxybenzene Sigma Aldrich 99 
3,4-Dimethoxyacetophenone Sigma Aldrich 98 
3,4-Dimethoxybenzaldehyde Sigma Aldrich 99 
Guaiacol Sigma Aldrich >98 
2-(4-Methoxyphenoxy)ethanol Sigma Aldrich n. a. 
Phenol Sigma  99 
 
 
4.3 Analytical Methods 
4.3.1 NMR Spectroscopy 
If not stated otherwise, all NMR-spectra were recorded at room temperature with BRUKER DPX-300 
(1H: 299.6 MHz, 13C: 75.3 MHz, 31P: 121.3 MHz), a BRUKER AV-400 (1H: 400.2 MHz, 13C: 100.6 MHz, 
31P: 162.0 MHz) or a BRUKER AV-600 (1H: 600.1 MHz, 13C: 150.1 MHz, 31P: 242.9 MHz) spectrometer. 
Chemical shifts δ are reported in reference to tetramethylsilane (1H und 13C), and phosphoric acid in D2O 
(31P(1H)). Residual protons of the respective deuterated NMR solvent was used as internal reference 
according to the shifts reported by Goldberg et al.[55] Chemical shifts will be reported in ppm and coupling 
constant J in Hz. Multiplets are abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, m 
= multiplet, bs = broad signal.  
Compounds were identified by reference measurements with the respective compounds obtained from 
commercial sources. Furthermore reported data was always in consistence with literature (see citations). 
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4.3.2 Gas Chromatography 
The identification of the compounds in the respective reaction solutions was done by GC/MS and 
confirmed by reference measurements with commercial batches of the respective compounds. 
Quantification was done using an internal standard. The respective correction factors were determined 
with commercial batches of the respective compounds and were routinely re-measured every 3 months. 
The latest is given in brackets. 
 
Catalytic cleavage of 2-phenoxy-1-phenylethanol 1 
Gas chromatographic separations were performed with the following set-up: column: 50 m OV1-IVA; 
carrier gas: nitrogen; split: 33/1; detector: flame ionization; temperature program: 50 °C iso, 8 °C min-1 
until 250 °C; n-dodecane was used as internal standard (tret = 17.9 min).  
Retention times and correction factor kF: phenol (1 a, tret = 12.8 min, kF = 1.22), acetophenone 
(1 b, tret = 14.6 min, kF = 1.16), 2-phenoxyacetophenone (1, tret = 26.5 min, kF = 2.17).  
 
Catalytic cleavage of dilignol model compounds 3, 5 – 17: 
The same GC set-up as for the catalytic cleavage of 2-phenoxy-1-phenylethanol 1 was used. 
Retention times and correction factor kF: All compounds fit the ms pattern and retention time of the 
corresponding commercial reagents: guaiacol (3 a, tret = 15.1 min, kF = 1.43), 3,4-dimethoxybenzaldehyde 
(3 b, tret = 21.9 min, kF = 1.92), 3,4-dimethoxybenzalcohol (3 b’, tret = 22.3 min, kF taken from 3 b), 3,4-
dimethoxyacetophenone 3 c, tret = 23.3 min, kF = 1.64), 1-(3,4-dimethoxyphenyl)propan-1-one 
(3 d, tret = 24.7 min, kF = 1.64,), 3,4-dimethoxybenzene (3 e, tret = 16.1 min, kF = 1.50), 2-(2-
methoxyphenoxy)ethanol (3 f, tret = 20.9 min, kF = 1.93) kF determined via commercial 2-(4-
methoxyphenoxy)ethanol, 2-(2-methoxyphenoxy)acetaldehyde 3 f’ (tret = 19.6 min, kF taken from 3 f), 2-
(2-methoxyphenoxy)-1-phenylethanone (3 g, tret = 36.7 min, kF = 2.17), 2-(2-methoxyphenoxy)-1-
phenylpropan-1-one (3 h, tret = 38.1 min, kF = 2.17), benzyl alcohol (17 a, tret = 13.9 min, kF = 1.25), 
benzyl aldehyde (17 b, tret = 12.2 min, kF = 1.25), 1-ethyl-3,4-dimethoxybenzol (tret = 19.5 min), 1-vinyl-
3,4-dimethoxybenzene (tret = 20.2 min), (E)-1,2-dimethoxy-4-(prop-1-enyl)benzene (tret = 22.4 min), kF 
taken from 3 b. 
Comment: The correction factor of 3,4-dimethoxybenzaldehyde 3 b is very sensitive to the purity of the 
commercial batch and purity of the glass liner. So it should be determined regularly. 
 
Catalytic cleavage of diphenylether with homogeneous nickel catalysts  
Gas chromatographic separations were performed with the following set-up: Instrument: Shimadzu GC-
2010, Column: 30 m; 0.25 μm film thickness; 0.25 mm internal diameter. Method: 3 μL injection onto 
300 °C split, hold at 50 °C for 10 min, ramp to 250 °C at 10 °C/min, hold at 250 °C for 10 min, FID: 
300 °C. The method was calibrated with the commercial reagents. The calibration is shown in figure 32: 
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Figure 32. GC calibration for catalytic cleavage of diphenylether. 
Catalytic C-C coupling with 2-Phenoxyethanol 18 and 3,4-dimethoxybenzaldehyde 3 a: 
The same GC set-up as for the catalytic cleavage of 2-phenoxy-1-phenylethanol 1 was used. 
Retention times: 2-phenoxyethanol 18 (tret = 17.8 min), 3,4-dimethoxybenzylalcohol 3 b’ (tret = 22.3 min), 1-
(3,4-dimethoxyphenyl)-3-hydroxypropanone 19 a (tret = 37.5 min), 3-hydroxy-4-phenoxybutanal 20 a 
(tret = 31.6 min), 1-(3,4-dimethoxyphenyl)-3-hydroxy-2-phenoxypropanone 19 (tret = 35.2 min), 3-hydroxy-
2,4-diphenoxybutanal 20 (tret =  33.9 min), 1,2-bis(3,4-dimethoxyphenyl)-2-hydroxyethanone 21 
(tret = 45.7 min). 
 
4.3.3 Mass Spectroscopy 
ESI and APCI-MS measurements were carried out on a Varian 500MS instrument. HR-MS (EI) as well as 
SIMS measurements were carried out on a Finnigan MAT 95.  
 
4.3.4 X-Ray Diffraction (XRD) 
Intensity data were collected with a Bruker SMART APEX CCD detector on a D8 goniometer equipped 
with an Incoatec microsource (Mo-Kα radiation, λ = 0.71073 Å).7 Temperature was controlled using an 
Oxford Cryostream 700 instrument. Data were processed with SAINT+.8,9 
 
 
 
                                                          
7  Bruker AXS Inc., Madison, Wisconsin, USA. SMART (version 5.624). Program for Bruker CCD X-ray 
diffractometer control, 2000. 
8 Bruker AXS Inc., Madison, Wisconsin, USA. SAINT+ (version 6.02). Program for reduction of data collected on 
Bruker CCD area detector diffractometer, 1999. 
9
 XRD analysis was carried out by C. Merkens, Prof. U. Englert and Dr. M. Hölscher 
R² = 0.9965 
R² = 0.9956 
R² = 0.998 
0
5000000
10000000
15000000
20000000
25000000
0 0.1 0.2 0.3
A
re
a
  
[a
.u
.]
 
n [mmol] 
diphenylether
Phenol
Benzene
156 | 4 Experimental  
 
 
4.3.5 GCxGC Analysis 
GCxGC measurements were carried out with the following set-up: 
2D GC-MS (1st column: Rxi-1ms 30 m, 0.25 mm ID, df 0.25 μm; 2nd column: BPX50, 1 m, 0.15 mm ID, 
df 0.15 μm) in a GC-MS 2010 Plus (Shimadzu) equipped with a ZX1 thermal modulation system (Zoex). 
The temperature program started with an isothermal step at 40 °C for 5 min. Next, the temperature was 
increased, at 5 °C min-1, to 300 °C for 5 min. The modulation applied for the GCxGC analysis was a hot 
jet 25 pulse of 400 ms duration with a duty cycle of 9000 ms. The 2D chromatograms were processed 
with GC Image software (Zoex). The products were identified by a search of the MS spectrum with the 
MS libraries NIST 08 and NIST 08s and Wiley9. In some cases, the structure was proposed by 
interpretation of the EI-MS fragmentation patterns. The quantification of the products was performed 
using the 2D GC-FID images.  
Based on the 2D GC-FID images, selected compounds were quantified using n-dibutyl ether as internal 
standard. Using one-point calibrations, response factors were determined for a library of 27 model 
compound from commercial sources10 containing a wide range of functional groups present in lignin 
(table 16). For compounds not present in this library, relative response factors were calculated from the 
measured response factors using the effective carbon number concepts as described by Scanlon and Willis 
and corrected for injection discrimination effects using alkane standards.[56]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
10  These compounds are not listed under section 4.2, as they were purchased and stored by the MPI für 
Kohlenforschung in Mülheim. 
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Table 16. Response factors of model compounds used in quantification of GCxGC chromatograms.
[a] 
Entry Compound 
Retention time 1
st
 
column [min] 
Retention time 2
nd
 
column [s] 
Response 
Factor 
1 cyclohexanone 11.1 5.34 1.04 
2 cyclohexanol 11.25 3.812 1.02 
3 anisole 12.45 4.012 0.98 
4 benzaldehyde 13.65 6.156 1.08 
5 4-methyl cyclohexanol 13.65 3.52 0.99 
6 phenol 15 4.7 1.01 
7 1-benzofuran 15.45 4.66 0.94 
8 2,6-dimethyl cyclohexanone 15.45 3.848 1.01 
9 acetophenone 17.7 6.264 0.96 
10 guaiacol 18.75 5.392 1.36 
11 2-cyclohexyl ethanol 19.65 3.884 0.95 
12 1,2-dimethoxy benzene 20.55 5.96 1.19 
13 2-ethyl phenol 20.7 4.448 1.03 
14 2,4-dimethyl phenol 20.85 4.792 0.97 
15 2-methoxy-4-methyl phenol 22.2 5.216 1.24 
16 4-propyl phenol 24.3 4.84 1.02 
17 4-tert-butyl phenol 25.35 4.604 0.98 
18 cinnamyl alcohol 25.65 6.488 1.44 
19 4-sec-butyl phenol 25.95 4.444 1.07 
20 2,6-dimethoxy phenol 26.7 7.264 1.51 
21 eugenol 27.15 5.264 1.19 
22 2-methoxy-4-propyl phenol 27.6 4.72 1.18 
23 4-hydroxy acetophenone 29.55 7.648 2.09 
24 3,4-dimethoxy benzaldehyde 30.15 8.492 1.66 
25 
4-hydroxy-3-methoxy 
phenylacetone 
31.5 8.232 1.98 
26 
3-(4-hydroxyphenyl)-1-
propanol 
31.65 8.228 2.02 
27 4-allyl-2,6-dimethoxyphenol 33.45 6.724 1.65 
[a] Response factors relative to the internal standard (IS) n-dibutyl ether. Response factors defined as: RF(X) 
= [M(X) / M(IS)] * [(A(SI) / A(X)], with RF(X) response factor of component X, M(X) and M(IS) mass of X and 
IS, respectively, and A(X) and A(SI) the area of the signal of X and IS, respectively, as measured by FID. 
 
 
4.3.6 GPC Analysis 
GPC analysis was performed using the following set-up: 
The GPC analyses were performed at 60 °C on a Perkin-Elmer HPLC 200 equipped with 4 columns 
(twice TSKgel Super HZ1000, TSKgelSuper HZ2000, and TSKgel Super HZ3000, 4.6mm ID 15.0 cm), 
and using inhibitor-free THF as eluent (0.4 mL min-1, Aldrich). Solutions containing 2 mg mL-1 of the 
analyte were injected. For detection, a diode-array detector was used. The system was calibrated with 
polystyrene standards (200 to 60 000 Da, Aldrich). 
 
4.3.7. Elemental Analysis: 
Elemental analysis was performed on an Elementar vario MICRO cube, with daily calibration using 
sulfanilamide standards. All samples were analyzed in triplicate.  
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4.4 Synthetic and Catalytic Procedures 
4.4.1 Synthesis of Complexes  
Complexes [Ru(BDEPP)TMM] III-1 (see chapter 2),[57] [Ru(Triphos)TMM] I-1 (see chapter 2),[57] 
[Ru(Triphos)(μ-Cl)3Ru(Triphos)]Cl VII-1,[36] [HRu(Triphos)(CO)Cl] VI-1,[31] [H2Ru(Triphos)(CO)] I-3,[58] 
[Ir(PCy3)2(CO)Cl] IX-1,[45] [Ni(iPr)hexadiene],[59] [Ni(iPr)2],[60] [Ni(iMes)2][61] were prepared according to 
cited literature procedures. Complexes III-3, III-4, IV-1 and IV-2 were prepared by Tobias Weigand and 
the analytical data will be reported in his thesis.[62] 
 
4.4.2. Substrate preparation11  
Substrates 3, 5 - 8 and 10 were prepared by following a reported procedure.[14a] Substrates 1 and 2 were 
synthesized following a literature procedure.[19] Substrates 11 - 13 and 15, 16 were also prepared by 
following reported procedures.[63] Product 3 f was prepared according to reported procedure.[64] 
 
Crystalstructure of substrate 3: 
 
 
Figure 34. Crystal structure of 3. 
Crystal suitable for X-Ray diffraction were grown by storing a reaction solution of Iridium catalyzed 
cleavage of 3 at 4°C for a week. 
 
Crystal Data: P-1 space group, a = 8.0577(11), b = 9.9591(13), c = 11.1277(15) Å, α = 106.708(2)°, β = 
100.715(2)°, γ = 94.964(2)°, V = 831.009 Å3, Z: 2 Z': 0, dcalc = 1.336 g cm-3 R1 = 0.0569, wR2 = 0.1106, 
GOF 1.039.  
 
 
 
 
 
 
 
 
 
                                                          
11 Dilignol substrates and 1-Phenyl-1,3-propanediol 17 were prepared by Dr. Julien Buendia and Jakob Mottweiler 
(group of Prof. C. Bolm) of the Organic Chemistry Department at RWTH Aachen University. The reagents are not 
listed under section 4.2 because the experiments were carried out in the laboratory of Prof. C. Bolm.  
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Preparation of substrate 9: 
 
The product was prepared in 3 steps, following a classic procedure.[14a]  
 
tert-Butyl phenoxyacetate[65] 
 
 
 
A dry and argon-flushed 100 mL three-necked flask equipped with a magnetic stirrer, a reflux condenser, 
an argon inlet and a septum was charged with dry K2CO3 (1.38 g, 10 mmol, 1 eq.), phenol 
(0.94 g, 10 mmol, 1 equiv) and acetone (50 mL). The mixture was stirred at ambient temperature for 15 
min, and cooled at 0 °C. tert-Butyl 2-bromo-acetate (1.95 g, 10 mmol, 1 equiv) was added dropwise with a 
syringe in 5 min, and the reaction mixture was subsequently warmed at reflux during 8 h. Then, the 
solution was allowed to cool at ambient temperature, and filtered over a pad of celite (washed with 
acetone). The filtrate was evaporated under reduced pressure until almost dryness, and diluted in diethyl 
ether (30 mL). The organic layer was washed with an aqueous NaOH solution (5% w/w, 3x10 mL), water 
(10 mL) and brine (10 mL). The organic layer was dried with MgSO4, filtered and evaporated under 
reduced pressure. The crude residue was purified by flash chromatography (pentane/ether = 2:1) yielding 
the title compound as a colorless oil (1.89 g, 9.1 mmol, 91%). 
 
1H-NMR (400 MHz, CDCl3, 25 °C, TMS): δ 7.23-7.16 (m, 2H), 6.92-6.86 (m, 1H), 6.84-6.79 (m, 2H), 
4.41 (s, 2H), 1.40 (s, 9H) ppm. 
 
13C-NMR (100 MHz, CDCl3, 25 °C, TMS): δ 168.0, 157.9, 129.4 (2C), 121.5, 114.6 (2C), 82.2, 65.7, 
28.0 (3C) ppm. 
 
HR-MS (ESI, 70 eV): C12H16O3+K+ [M+K+] calc.: 247.0731 m/z; found: 247.0730 m/z. 
All spectral data correspond to those given in the literature.[65] 
 
tert-Butyl 3-(3,4-dimethoxyphenyl)-3-hydroxy-2-phenoxypropanoate 
 
 
 
A dry and argon flushed 100 mL three-necked flask equipped with a magnetic stirrer, a low temperature 
thermometer, an argon inlet, and an addition funnel was charged with diisopropylamine (0.56 g, 5.5 mmol, 
1.1 equiv) and THF (5 mL). The reaction mixture was cooled to 0 °C and a solution of commercial n-BuLi 
in hexanes (3.6 mL, 1.6 M, 5.75 mmol, 1.15 equiv) was added dropwise in 5 min. After stirring for 30 min 
at 0 °C the reaction mixture was cooled to –78 °C, and a solution of tert-butyl phenoxyacetate (1.04 g, 5.0 
mmol, 1 equiv) in THF (10 mL) was added dropwise over a period of 2 h. After stirring for additional 10 
min, a solution of 3,4-dimethoxybenzaldehyde (0.87 g, 5.25 mmol, 1.05 equiv) in THF (5 mL) was added 
in 30 min at –78 °C. At the end of the addition, stirring was continued for 90 min at –78 °C, and then 
distilled water (30 mL) was added. The aqueous phase was extracted with ethyl acetate (3 x 30 mL). The 
combined organic layers were washed with a 1 N aqueous HCl solution (20 mL), water (20 mL) and brine 
(20 mL), then dried with MgSO4, filtered, and concentrated under reduced pressure. The purification was 
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performed by flash chromatography (pentane/ethyl acetate = 5:1 to 1:1) yielding a mixture of erythro and 
threo diastereomers (1.57 g, 84%, slightly yellow syrup) of the title compound. 
 
Erythro + threo : 
1H-NMR (400 MHz, CDCl3, 25 °C, TMS): δ 7.30-7.21 (m, 4H), 7.06-6.93 (m, 6H), 6.93-6.82 (m, 6H), 
5.13 (br.t, J = 5.0 Hz, 1H), 5.05 (dd, J = 6.0, 4.2 Hz, 1H), 4.67 (d, J = 5.7 Hz, 1H), 4.61 
(d, J = 6.0 Hz, 1H), 3.88 (s, 3H), 3.88 (s, 3H), 3.87 (s, 3H), 3.87 (s, 3H), 3.03 (d, J = 4.2 Hz, 1H), 2.98 
(d, J = 4.5 Hz, 1H), 1.33 (s, 9H), 1.27 (s, 9H) ppm. 
 
13C-NMR (100 MHz, CDCl3, 25 °C, TMS): δ 168.6, 168.3, 157.6, 157.6, 149.2, 149.0, 148.8, 148.8, 
131.9, 131.0, 129.5 (2C), 129.4 (2C), 122.0, 121.9, 119.8, 119.3, 115.5 (2C), 115.4 (2C), 110.9, 110.8, 110.3, 
110.0, 82.6, 82.5, 82.0, 81.1, 74.8, 74.0, 56.0, 55.9, 55.9, 55.9, 27.8 (3C), 27.7 (3C) ppm. 
 
HR-MS (ESI, 70 eV): C21H26O6+K+ [M+K+] calc.: 413.1361 m/z; found: 413.1354 m/z. 
 
1-(3,4-Dimethoxyphenyl)-2-phenoxy-l,3-propanediol (9) 
 
 
 
A dry and argon flushed 100 mL three-necked flask equipped with a magnetic stirrer, a reflux condenser, 
an argon inlet and an addition funnel was charged with THF (10 mL) and LiAlH4 (227 mg, 6 mmol, 1.5 
equiv). The reaction mixture was cooled to 0 °C and a solution of the hydroxyester prepared precedently 
(1.50 g, 4 mmol, 1 equiv) in THF (10 mL) was added dropwise in 15 min. The heterogeneous reaction 
mixture was then stirred at 60 °C for 3 h, and cooled to 0 °C. The reaction mixture was carefully 
quenched by the dropwise and sequential addition of water (0.23 mL), aqueous NaOH solution (15% 
w/w, 0.23 mL) and additional water (0.70 mL). The reaction mixture was then stirred 30 min at ambient 
temperature, filtered through a pad of celite, and the aluminium salts were washed with CH2Cl2 (4x10 
mL). The filtrate was dried over MgSO4 and evaporated under reduced pressure. The crude residue was 
purified by flash chromatography (CH2Cl2/MeOH = 99:1 to 96:4) yielding a mixture of erythro and threo 
diastereoisomers of 9 as a slightly yellow syrup (1.07 g, 3.5 mmol, 88%), which were further used as a 
mixture for the study of the cleavage. 
 
Erythro + threo (9): 
1H-NMR (400 MHz, CDCl3, 25 °C, TMS): δ 7.31-7.21 (m, 4H), 7.02-6.92 (m, 8H), 6.90-6.80 (m, 4H), 
5.04-4.96 (m, 2H), 4.43-4.36 (m, 2H), 3.98-3.91 (m, 1H), 3.91-3.87 (m, 1H), 3.87 (s, 3H), 3.86 (s, 3H), 
3.85 (s, 3H), 3.84 (s, 3H), 3.83-3.78 (m, 1H), 3.58 (ddd, J = 11.5 Hz, 7.2 Hz and 4.0 Hz, 1H), 2.93 
(dd, J = 10.9 Hz and 3.4 Hz, 2H), 2.39-2.33 (m, 1H), 1.95 (dd, J = 7.2 Hz and 5.5 Hz, 1H) ppm. 
 
13C-NMR (100 MHz, CDCl3, 25 °C, TMS): δ 158.0, 157.6, 149.1, 149.0, 148.9, 148.7, 132.9, 132.2, 
129.7 (2C), 129.6 (2C), 122.0, 121.8, 119.3, 118.6, 116.5 (2C), 116.4 (2C), 111.0 (2C), 109.9, 109.5, 83.0, 
81.8, 73.9, 73.7, 61.5, 61.1, 55.9 (4C) ppm. 
 
HR-MS (ESI, 70 eV): C17H20O5+Na+ [M+Na+] calc.: 327.1203 m/z; found: 327.1200 m/z. 
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Preparation of substrate 14: 
 
The substrate 14 was prepared following procedures described by Pardini et al [66] and Kawai et al.,[67] and 
the procedures have been slightly modified. 
 
Scheme 26. Preparation of substrate 14. 
 
2-Bromo-1-(3,4-dimethoxyphenyl)-1-ethanone:[68] 
 
 
 
A 100 mL three-necked flask equipped with a reflux condenser and a magnetic stirrer was charged with 1-
(3,4-dimethoxyphenyl)-1-ethanone (1.80 g, 10.0 mmol, 1 equiv) and CHCl3 (30 mL). Br2 
(1.58 g, 10 mmol, 1 equiv) was added dropwise at room temperature. The reaction mixture was 
subsequently warmed at reflux during 4 h, and concentrated under reduced pressure. The residue was 
purified by flash chromatography (pentane/ethyl acetate = 6:1 to 4:1) leading to the title compound as a 
white-brown solid (1.34 g, 5.2 mmol, 52%, unoptimized). 
 
mp 81-83 °C 
1H-NMR (600 MHz, CDCl3, 25 °C, TMS): δ 7.62 (dd, J = 8.4 Hz and 1.8 Hz, 1H), 7.54 
(d, J = 1.8 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 4.42 (s, 2H), 3.97 (s, 3H), 3.94 (s, 3H) ppm. 
 
13C-NMR (150 MHz, CDCl3, 25 °C, TMS): δ 190.1, 154.0, 149.3, 127.0, 123.9, 110.8, 110.1, 56.1, 56.0, 
30.4 ppm. 
 
HR-MS (ESI, 70 eV): C10H11O3Br+Na [M+Na+] calc.: 280.9784; found: 280.9778 m/z. 
All spectral data correspond to those given in the literature.[68] 
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1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)-1-ethanone:[14b] 
 
 
 
A dry and argon-flushed 100 mL two-necked flask equipped with a magnetic stirrer, an argon inlet and a 
septum was charged with dry K2CO3 (0.69 g, 5.0 mmol, 1 equiv), 2-methoxyphenol 
(0.62 g, 5.0 mmol, 1 equiv) and acetone (30 mL). 2-Bromo-1-(3,4-dimethoxyphenyl)-1-ethanone 
precedently prepared (1.29 g, 5.0 mmol, 1 equiv) was then added and the reaction mixture was 
subsequently stirred overnight at room temperature. Then, the solution was filtered over a pad of celite 
(washed with acetone). The filtrate was evaporated under reduced pressure until almost dryness, and 
diluted in dichloromethane (40 mL). The organic layer was washed with water (30 mL) and brine (30 mL), 
then dried with MgSO4, filtered and evaporated under reduced pressure. The crude residue was purified 
by flash chromatography (pentane/ethyl acetate = 5:1 to 1:1) yielding the title compound 
(1.13 g, 3.8 mmol, 75%) as a white solid. 
 
mp 92-93 °C 
1H NMR (600 MHz, CDCl3, 25 °C, TMS): δ 7.68 (dd, J = 8.4 Hz and 1.8 Hz, 1H), 7.60 
(d, J = 1.8 Hz, 1H), 6.97 (ddd, J = 8.4 Hz, 6.0, 3.0 Hz, 1H), 6.93-6.89 (m, 2H), 6.88-6.83 (m, 2H), 5.30 
(s, 2H), 3.96 (s, 3H), 3.94 (s, 3H), 3.89 (s, 3H) ppm. 
 
13C NMR (150 MHz, CDCl3, 25 °C, TMS): δ 193.3, 153.8, 149.7, 149.2, 147.5, 127.8, 122.8, 122.3, 
120.8, 114.6, 112.1, 110.4, 110.1, 72.0, 56.1, 56.0, 55.9 ppm. 
 
HR-MS (ESI, 70 eV): C17H18O5+Na+ [M+Na+] calc.: 325.1046 m/z; found: 325.1039 m/z. 
All spectral data correspond to those given in the literature.[14b] 
 
1-(3,4-Dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)-1-propanone (14) [14b] 
 
 
 
A dry and argon-flushed 25 mL Schlenk flask equipped with a magnetic stirrer and a septum was charged 
with the ketone prepared precedently (906 mg, 3.0 mmol, 1 equiv), dry DMSO (10 mL), paraformaldehyde 
(108 mg, 3.6 mmol, 1.2 equiv) and dry K2CO3 (21 mg, 0.15 mmol, 0.5 equiv). The reaction mixture was 
stirred for 2 h. Then the solution was partitioned between ethyl acetate (30 mL) and water (20 mL). The 
organic layer was washed with brine (20 mL), dried with MgSO4, filtered and evaporated under reduced 
pressure. The crude residue was purified by flash chromatography (pentane/ethyl acetate = 3:1 to 2:3) 
yielding the title compound (647 mg, 1.95 mmol, 65%) as a white solid. 
 
mp 117-119 °C 
1H-NMR (400 MHz, CDCl3, 25 °C, TMS): δ 7.76 (dd, J = 8.4 Hz and 1.8 Hz, 1H), 7.62 
(d, J = 1.8 Hz, 1H), 7.00 (td, J = 8.4, 0.6 Hz, 1H), 6.93-6.86 (m, 3H), 6.82 (td, J = 8.4, 0.6 Hz, 1H), 5.41 
(t, J = 5.2 Hz, 1H), 4.08 (d, J = 5.2 Hz, 2H), 3.95 (s, 3H), 3.92 (s, 3H), 3.86 (s, 3H), 3.15 (br.s, 1H) ppm. 
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13C-NMR (100 MHz, CDCl3, 25 °C, TMS): δ 195.0, 153.9, 150.4, 149.2, 146.9, 128.0, 123.6, 123.6, 
121.2, 118.3, 112.3, 111.0, 110.1, 84.5, 63.7, 56.1, 56.0, 55.8 ppm. 
HR-MS (ESI, 70 eV): C18H20O6+Na+ [M+Na+] calc.: 355.1152 m/z; found: 355.1152 m/z. 
All spectral data correspond to those given in the literature.[14b] 
 
Preparation of substrate 17: 
 
The substrate 15 was prepared in two steps from 4-phenyl-1,3-dioxane. The first step is a procedure 
already reported as a patent.[69] 
 
 
Scheme 27. Preparation of substrate 17. 
 
3-Hydroxy-1-phenyl-1-propanone:[70] 
 
 
 
A 100 mL one-necked flask equipped with a stirring bar was charged with 4-phenyl-1,3-dioxane (3.28 g, 20 
mmol, 1 equiv) and dichloromethane (20 mL). Then water was added (20 mL) and the solution was 
cooled at 5 °C. Bromine (1.15 mL, 22 mmol, 1.1 equiv) was added dropwise and the solution was then 
stirred for 2 hours. The reaction mixture was hydrolyzed with an aqueous saturated solution of Na2SO3 
(30 mL) and extracted with CH2Cl2 (3 x 40 mL). The organic layer was washed with brine (40 mL), dried 
with MgSO4, filtered and evaporated under reduced pressure. The crude residue was purified by flash 
chromatography (pentane/ethyl acetate = 1:1) yielding the title compound (1.2 g, 40%, unoptimized) as a 
colorless liquid. 
 
1H-NMR (400 MHz, CDCl3, 25 °C, TMS): δ 7.98-7.94 (m, 2H), 7.58 (tt, J = 7.2, 1.6 Hz, 1H), 7.50-7.44 
(m, 2H), 4.03 (t, J = 5.4 Hz, 2H), 3.23 (t, J = 5.4 Hz, 2H), 2.81 (bs, 1H) ppm. 
 
13C-NMR (100 MHz, CDCl3, 25 °C, TMS): δ 200.4, 136.6, 133.5, 128.6 (2C), 128.0 (2C), 58.0, 40.4 
ppm. 
 
HR-MS (ESI, 70 eV): C9H10O2+Na+ [M+Na+] calc.: 173.0573 m/z; found: 173.0572 m/z. 
All spectral data correspond to those given in the literature.[70] 
 
1-Phenyl-1,3-propanediol (17):[71] 
 
 
 
A dry and argon flushed 100 mL three-necked flask equipped with a magnetic stirrer, a reflux condenser, 
an argon inlet and an addition funnel was charged with THF (5 mL) and LiAlH4 
(152 mg, 4.0 mmol, 1 equiv). The reaction mixture was cooled to 0 °C and a solution of the 
hydroxyketone prepared precedently (600 mg, 4.0 mmol, 1 equiv) in THF (5 mL) was added dropwise. 
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The heterogeneous reaction mixture was then stirred at 60 °C for 3 h, and cooled to 0 °C. The reaction 
mixture was carefully quenched by the dropwise and sequential addition of water (150 µL), aqueous 
NaOH solution (15% w/w, 150 µL) and additional water (450 µL). The reaction mixture was then stirred 
30 min at ambient temperature, filtered through a pad of celite, and the aluminium salts were washed with 
CH2Cl2 (4x10 mL). The filtrate was dried over MgSO4 and evaporated under reduced pressure. The crude 
residue was purified by flash chromatography (CH2Cl2/MeOH = 99:1 to 97:3) yielding the title compound 
(437 mg, 2.9 mmol, 72%) as a colorless liquid.  
 
1H-NMR (400 MHz, CDCl3, 25 °C, TMS): δ 7.33 (m, 4H), 7.29-7.23 (m, 1H), 4.89 
(dd, J = 8.8, 4.0 Hz, 1H), 3.83-3.73 (m, 2H), 3.17 (bs, 2H), 2.01-1.83 (m, 2H) ppm. 
 
13C-NMR (100 MHz, CDCl3, 25 °C, TMS): δ 144.3, 128.4 (2C), 127.5, 125.6 (2C), 74.0, 61.2, 40.4 ppm. 
 
HR-MS (ESI, 70 eV): C9H12O2+Na+ [M+Na+] calc.: 175.0730 m/z; found: 175.0730 m/z. 
All spectral data correspond to those given in the literature.[71] 
 
Preparation of organosolv beechwood lignin: 
The organsolv beechwood lignin was obtained from Jürgen Puls of the vTI Johann Heinrich von Thünen 
Institut – Institut für Holztechnologie und Holzbiologie (HTB).  
Lignin was isolated by heating beechwood in a 1:1 ethanol : water mixture (0.16 g/mL) at 180 °C for 4 h. 
Lignin was precipitated from the solution by addition of water. The precipitate was washed three times 
with hot water and and dried in vacuo at 40 °C. 
The beech organosolv lignin used in this work was determined to contain 63.39 % C, 5.97 % H, 
0.39 % N, 0.34 % S and 29.92 % O. 
 
4.4.3 Catalytic Procedures 
4.4.3.1 Catalytic Cleavage of 2-Phenoxy-1-phenylethanol 1. 
In a typical experiment a Biotage 10 mL vial or a 10 mL Schlenk tube was charged with 
[Ru(BDEPP)TMM] III-1 (6.9 mg, 0.01 mmol) in 0.5 mL toluene. After addition of 2-phenoxy-1-
phenylethanol 1 (42.8 mg, 0.2 mmol) the reaction was heated at 135 °C for 2 h in an oilbath. Subsequently 
the reaction was quenched in an ice bath and the reaction solution diluted with 0.25 mL toluene. Products 
were quantified by GC-MS using n-dodecane as internal standard. 
 
4.4.3.2 Ruthenium Catalyzed Cleavage of Dilignol Model Compounds 3, 5 - 17. 
In a typical experiment a Biotage 10 mL vial or a 10 mL Schlenk tube was charged with [HRu(PPh3)3Cl] 
(4.6 mg, 0.005 mmol) and Triphos (3.2 mg, 0.0052 mmol, 1.04 eq. with regard to Ru precursor) in 0.5 mL 
o-xylene. After preheating this solution for 2 h at 140 °C oilbath temperature, 3 (33.4 mg, 0.1 mmol) was 
added and the reaction was carried out for 4 h at 160 °C oilbath temperature. After the desired reaction 
time the reaction was quenched in an ice bath. The reaction solution was diluted with 0.25 mL xylene or 
toluene and products were quantified against n-dodecane as internal standard via GC-MS. 
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Comment: [HRu(PPh3)3Cl] is commercially available in free form with 5 % toluene impurities (Mw: 927.41 
g/mol, Sigma Aldrich, CAS-Nr.: 55102-19-7) and as toluene adduct (Mw: 1016.53 g/mol, Sigma Aldrich 
and STREM, CAS-Nr.: 217661-36-4). The amount of precursor was always referenced to a Mw of 
927.41 g/mol. Catalytic results with the different precursor batches were reproducible within the error 
range of the GC analytics. 
 
4.4.3.3 Iridium Catalyzed Cleavage of Dilignol Model Compound 3 
In a typical experiment, in a glovebox a 10-mL Schlenk tube was charged with [Ir(COD)Cl]2 (3.36 mg, 
0.006 mmol), tricyclohexylphosphine (3.36 mg, 0.012 mmol) and K2CO3 (2.76 mg, 0.02 mmol). After 
addition of 0.5 mL o-xylene the Schlenk tube was closed and heated for 24 h at 160 °C in an oilbath. After 
quenching the reaction in an ice bath the resulting solution was diluted with 0.25 mL o-xylene and 
subjected to GC analysis 
 
4.4.3.4 Catalytic Depolymerization of Organsolv Beechwood Lignin with Homogeneous Catalysts 
Two different procedures were used. Both procedures yielded identical GPC results. 
Procedure in steel autoclave: 100 mg lignin was weighed into a schlenk tube, evacuated and flushed with argon 
three times. Subsequently 0.036 mmol of catalyst and 9 mL of dry 1,4-dioxane were added. For the 
[HRu(PPh3)3Cl] / Triphos in situ system equimolar amounts of precursor and ligand were used and 
preheated at 160 °C for 2 h. The reaction mixture was then stirred and ultrasonicated for 15 min 
respectively. A clear, dark brown solution was achieved each time. The solution was then transferred in a 
20 mL finger autoclave and heated at 160 °C in aluminium cones for 24 h. After the autoclave had cooled 
to ambient temperature, 1 mL of the reaction mixture was removed for GPC analysis. Dioxane was 
removed from the remaining solution until dryness via evaporation resulting in a dark brown, solid 
residue. This was dissolved in 0.7 mL d6-dimethylsulfoxide / d5-pyridine (V : V= 4 : 1), filtered through a 
0.45 μm syringe filter and transferred to a screw cap NMR tube. Finally mesitylene was added as internal 
standard.  
The reference sample was prepared by dissolving 100 mg in 9 mL 1,4-dioxane. The mixture was stirred 
and ultrasonicated for 15 min respectively. The clear solution was then condensed in vacuo and the 
residue dissolved in in 0.7 mL d6-dimethylsulfoxide / d5-pyridine (V:V= 4 : 1), filtered through a 0.45 μm 
syringe filter and transferred to a screw cap NMR tube. 
GPC samples were prepared as follows: 1 mL of reaction solution added to 10 mL round bottom flask 
and volatiles and solvent were removed in vacuo. The resulting dark brown, solid residue was dissolved in 
3 mL THF filtered and subjected to GPC analysis. 
Procedure in aluminium cap sealed vial (pretreatment step): In a glovebox, organsolv beechwood lignin (100 mg) 
and Ruthenium catalyst (0.04 mmol) were suspended in 10 mL 1,4-dioxane in a glass vial (20 mL). After 
adding a magnetic stirrer, the vial was sealed with an aluminium cap and the mixture was stirred and 
ultrasonicated for 15 min respectively. The resulting brown solution was then heated under stirring in a 
heating block at 160°C for the desired reaction time. 
After the reaction was quenched in an ice bath, 3 mL of the reaction solution were filtered, dibutylether 
was added as internal standard and subjected to GCxGC analysis. Furthermore 1 mL of the reaction 
solution was condensed in vacuo and redissolved in 3 mL of THF, filtered and subjected to GPC analysis. 
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4.4.3.5 Catalytic Depolymerization via H-Transfer with Raney Nickel 
Caution: Dry Raney Nickel is pyrophoric 
Typically, Raney Ni (0.5 g wet, corresponding to 0.3 g of dry catalyst) was placed into a teflon autoclave 
insert (22 mL internal volume) and washed three times with i-PrOH (10 mL each) to remove water. The 
catalyst was then suspended in another 10 mL of i-PrOH and the lignin (50 mg) was added.  
The teflon insert was placed in a stainless steel autoclave which was then flushed with argon. The 
autoclave was placed in a heating well and heated to the desired reaction temperature 
(heating time: 15 min). After 15 h reaction time, the autoclave was cooled in an ice bath to 4°C, 
minimizing any loss of volatiles upon opening.  
For GCxGC analysis, 3 mL of the product solution was transferred to a glass vial and n-dibutylether was 
added as external standard. The sample was then filtered and analyzed. 
For GPC analysis, 1 mL of the product solution was placed in a glass flask and the solvent was evaporated 
under reduced pressure. The residue was dissolved in 1.5 mL of tetrahydrofuran and filtered before 
analysis. 
 
4.4.3.6 Catalytic Depolymerization of Organsolv Beechwood Lignin via Pretreatment with 
[Ru(BDEPP)TMM] III-1 and subsequent H-Transfer with Raney Nickel 
5 mL of the solution from the pretreatment step (see 4.4.3.4) was placed in a 25 mL round bottom flask 
and the solvent was evaporated under reduced pressure. The residue was suspended in 10 mL i-PrOH 
together with 0.5 g Raney Ni (0.3 g dry, previously washed with i-PrOH to remove water) in a Teflon 
autoclave insert. The remainder of the procedure was identical to the procedure described in chapter 
4.4.3.5. 
 
4.4.3.7 Catalytic Cleavage of Diphenylether 
 
A glass vial was charged with diphenylether (34.0 mg, 0.2 mmol), catalyst (0.01 mmol) and 0.5 mL of 
anhydrous i-PrOH. The resulting solution was heated in an aluminium heating cone for 12 h. The reaction 
was then quenched in an ice bath and the solution subjected to GC analysis. 
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4.5 Characterization of Complexes III-2, VIII-1 and VIII-2 
Complex III-2: 
Characterization in catalytic cleavage of 1: A 10 mL Schlenk tube was charged with 2-phenoxy-1-phenylethanol 
1 (42.8 mg, 0.2 mmol) and [Ru(BDEPP)TMM] III-1 (6.9 mg, 0.01 mmol). After addition of 0.5 mL 
d8-toluene the solution was heated at 135 °C for 2 h in an oilbath. After quenching the reaction in an ice 
bath, the solution was transferred to screw cap NMR tube and subjected to NMR analysis. 
In analogue manner III-2 was characterized after catalytic reaction of [Ru(BDEPP)(OC6H5F2)] III-4. 
Characterization in the reaction of III-1 with phenol: A 10 mL schlenk tube was loaded with [Ru(BDEPP)TMM] 
III-1 (6.9 mg, 0.01 mmol) and phenol 1 b (9.4 mg, 0.1 mmol) dissolved in 0.5 mL d6-benzene. The 
resulting solution was heated at 110 °C for 2 h, quenched and transferred to a screw cap NMR tube. 
Attempts to separate III-2 from phenol via precipitation with pentane or recrystallization from 
toluene/pentane were unsuccessful. 
 
 
1H-NMR (600 MHz, d6-benzene, 25°C, TMS): δ 7.47 (dd, J = 10.8, 7.8 Hz, 2H, CAr-H), 7.32 (bs, 8H, 
CAr-H), 7.29 (m, 3H, CAr-H), 7.19 – 7.14 (m, 2H, CAr-H), 6.94 -6.75 (m, 12H, CAr-H), 6.82 -6.59 (m, 8H, 
CAr-H), 2.96 (m, 2H, CH2), 2.33 (m, 2H, CH2), 2.09 (m, 2H, CH2), 1.80 (m, 2H, CH2) ppm. 
13C-NMR (150 MHz, d6-benzene, 25 °C, TMS): δ 165.7, 136.9, 132.5, 132.2, 131.9, 131.8, 131.0, 130.9, 
130.5, 130.0, 129.2, 128.8, 30.3, 28.4 ppm. 
31P-NMR(243 MHz, d6-benzene, 25°C, H3PO4): δ 94.3 (t, J = 21.9 Hz ,1P), 70.7 (d, J = 21.4 Hz, 2P) 
ppm.  
 
Complex VIII-1: 
Characterization in catalytic cleavage of 3: A 10 mL Schlenk tube was charged with 3 (33.4 mg, 0.1 mmol) and 
[HRu(PPh3)3Cl] (4.6 mg, 0.005 mmol) / Triphos (3.2 mg, 0.0052 mmol) or [HRu(Triphos)(CO)Cl] VI-1 
(3.9 mg, 0.005 mmol). After addition of 0.5 mL d8 toluene the solution was heated at 140 °C for 2 h in an 
oilbath. After quenching the reaction in an ice bath, the solution was transferred to screw cap NMR tube 
and subjected to NMR analysis.  
 
Characterisation in the reaction of [HRu(Triphos)(CO)Cl] VI-1 with 3: A 10 mL Schlenk tube was charged with 
[HRu(Triphos)(CO)Cl] VI-1 (23.7 mg, 0.03 mmol) and 3 (50.1 mg, 0.15 mmol). After addition of 
3 mL toluene the solution was heated at 125 °C for 24 h in oilbath. After quenching the reaction in an ice 
bath, the solution was treated with 4.5 mL pentane and left overnight. The resulting yellow precipitate was 
isolated and dissolved in 1 mL benzene, re-precipitated with 1.5 mL pentane and washed three times with 
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2 mL pentane and dried in vacuo. The resulting yellow powder was analyzed by NMR and ESI and SIMS 
showing complex VIII-1 as main component. However it was not possible to isolate VIII-1 in satisfying 
purity due to the co-precipitation of the cleavage products 3,4-dimethoxybenzaldehyde 3 b and 2-(2-
methoxyphenoxy)ethanol 3 f. Furthermore the reaction between 5 eq. of 3 and VI-1 was not clean and 
therefore unidentified side products were formed according to 31P-NMR. 
 
 
1H-NMR (600 MHz, d6-benzene, 25°C, TMS): δ 8.69 (dd, J = 28.7, 10.7 Hz, 1H, CHO), 8.19 
(t, J = 9.2 Hz, 2H, CAr-H), 8.03 – 7.96 (m, 4H, CAr-H), 7.93 (t, J = 8.9 Hz, 2H, CAr-H), 7.89 
(d, J = 2.0 Hz, 2H, CAr-H), 7.68 (dd, J = 8.5, 2.0 Hz, 2H, CAr-H), 7.42 (t, J = 8.9 Hz, 2H, CAr-H), 7.12 – 
6.63 (m, 21H, CAr-H), 6.56 (dd, J = 8.0, 1.4 Hz, 1H, CAr-H), 6.40 (d, J = 8.5 Hz, 1H, CAr-H), 3.48 (s, 3H, 
OMe), 3.45 (s, 3H, OMe), 3.22 (s, 3H, OMe), 2.41-2.10 (m, 6 H, CH2), 1.12 (s, 3H, CH3) ppm. 
13C-NMR (150 MHz, d6-benzene, 25°C, TMS): δ 177.9, 177.0, 152.4, 151.3, 149.2, 148.7, 139.2–135.2, 
134.6, 133.5, 133.3, 133.1, 132.2, 129.0, 128.7, 128.4, 127.8, 123.1, 122.6, 121.0, 116.8, 113.7, 112.4, 110.6, 
55.7, 55.3, 55.1, 38.2, 38.1, 35.1, 35.4, 34.9 ppm.  
31P-NMR (243 MHz, d6-benzene, 25°C, TMS): δ 35.7 (t, J  = 42.2 Hz, 1P), 33.2 (dd, J  = 48.9, 42.2 Hz, 
1P), 29.1 (dd, J  = 48.2, 43.2 Hz, 1P) ppm.  
ESI-MS (MeOH): C59H56O6P3Ru+ calc.: 1055.2 m/z; found 1055.1 m/z  
SIMS-MS: C59H56O6P3Ru+ calc.: 1055.2 m/z; found 1055.2 m/z  
High Resolution EI-MS was not possible due to decomposition of the complex. 
 
Complex VIII-2: 
Characterisation in catalytic cleavage of 17: A 10 mL schlenk tube was charged with 17 (15.2 mg, 0.1 mmol) and 
[HRu(PPh3)3Cl] (4.6 mg, 0.0052 mmol) and Triphos (3.2 mg, 0.005 mmol). After addition of 0.5 mL 
d8-toluene the solution was heated at 140 °C for 2 h in an oilbath. After quenching the reaction in an ice 
bath, the resulting yellow suspension was settled. The solution decanted and the yellow precipitate was 
dissolved in d2-dichlormethane and subjected to NMR analysis. 
 
Characterisation in reaction of [HRu(Triphos)(CO)Cl] VI-1 with 17: A 35 mL schlenk tube was charged with  
[HRu(Triphos)(CO)Cl] VI-1 (79.0 mg, 0.1 mmol) and 17 (152 mg, 1 mmol). After addition of 7 mL 
toluene, the solution was heated at 125 °C for 24 h in an oilbath. After quenching the reaction in an ice 
bath, the yellow precipitate was filtered off and washed two times with 10 mL of pentane and dried in 
vacuo. The resulting powder consisted to 95 % of complex VIII-2 with 5% of [Ru(Triphos)(CO)Cl2][72] as 
impurity which could not be separated to a satisfying degree.  
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1H-NMR (600 MHz, d2-dichlormethane, 25°C, TMS): ): δ 8.20 (dd, J = 11.5 , 4.5 Hz, 1H, CHO, HA), 
7.86 (t, J = 8.6 Hz, 2H, CAr-H), 7.76 (q, J = 8.6 Hz, 5H, CAr-H), 7.42 – 6.93 (m, 24H, CAr-H), 6.89 
(t, J = 7.9 Hz, 2H, CAr-H), 6.78 (t, J = 7.9 Hz, 2H, CAr-H) 6.10 (d, J = 4.5 Hz, 1H, CH, HB), 2.49 
(m, 2H, CH2), 2.38 (d, J = 8.9 Hz, 2H, CH2), 2.24 (m, 2H, CH2), 1.49 (s, 3H, CH3) ppm. 
13C-NMR (150 MHz, d2-dichlormethane, 25°C, TMS): δ 180.0, 177.9, 140.3-136.4, 134.0, 133.8, 133.4, 
133.1, 132.9, 131.5, 130.5, 129.1, 128.5, 128.2, 127.9, 127.7, 98.4, 38.2, 35.6, 35.3. 34.0, 33.0 ppm.  
31P-NMR (243 MHz, d2-dichlormethane, 25°C, TMS): δ 37.7 (t, J = 42.5 Hz, 1P), 31.5 
(dd, J = 47.8, 41.2 Hz, 1P), 29.5 (dd, J = 47.3, 44.3 Hz, 1P) ppm.  
ESI-MS (THF): C50H46O2P3Ru+ calc.: 873.2 m/z; found 872.8 m/z.  
SIMS-MS C50H46O2P3Ru+ calc.: 873.2 m/z; found 872.7 m/z.  
High resolution EI-MS was not possible due to decomposition of the complex. 
 
Figure 35. NOESY-NMR spectrum of complex VIII-2 showing the spatial proximity of HA and HB 
 
 
 
HA 
HB 
HA 
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4.6 NMR Data of Products 3 b and 3 f 
Products were characterized after an NMR reaction in d8-toluene in analogue to the characterization of 
complex VIII-1 after catalytic cleavage of 3 (see chapter 4.5). Identification was done by comparison with 
pure compounds 3 f and 3 b. 
 
2-(2-Methoxyphenoxy)ethanol 3-f:[73] 
  
1H-NMR (400 MHz,d8- toluene, 25°C, TMS): δ 6.59 (m, 2H, CAr-H), 6.46 (m, 1H, CAr-H), 6.38 
(m, 1H, CAr-H), 3.53 (bs, 5H, CH2 and OH) 3.2 (s, 3H, OCH3) ppm. 
13C-NMR (100 MHz, d8-toluene, 25°C, TMS): δ 150.4, 149.1, 121.7, 121.4, 114.6, 112.1, 71.4, 61.3, 
55.3 ppm. 
GC-MS: C9H12O3 calc. 168.1 m/z, found: 168.1 m/z 
 
3,4-Dimethoxybenzaldehyde 3 b:[74] 
 
1H-NMR (400 MHz,d8- toluene, 25°C, TMS): δ 9.45 (s, 1H, CHO), 7.10 (dd, J = 8.2, 1.8 Hz, 1H, CAr-
H), 7.06 (d, J = 1.8 Hz, 1H, CAr-H), 6.17 (d, J = 8.2 Hz, 1H, CAr-H), 3.11 (s, 3H, OCH3), 3.07 (s, 3H, 
OCH3) ppm. 
13C-NMR (100 MHz, d8-toluene, 25°C, TMS): δ 190.0, 154.9, 150.3, 137.5, 126.1, 110.6, 109.6, 55.2, 
55.1 ppm. 
GC-MS: C9H10O3 calc. 166.1 m/z, found: 166.1 m/z. 
All recorded data was in agreement with reported literature and reference measurements with commercial 
analogues (see citations).  
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4.7 Computational Details 
General computational conditions are described in chapter 2 of this thesis. 
Table 17. Energies (Hartree) of the compounds calculated in this work.
[a] 
Structure Energy Thermal Correction  
 
E Ezpe H G 
Grel 
[kcal/mol] 
VIII-1 c -3505,78 -3504,81 -3504,76 -3504,9 0 
VIII-1 c
[b]
 -3508,9 -3507,94 -3507,82 -3508,1 0 
VIII-1 b -3504,6 -3503,66 -3503,6 -3503,74 3.0 
VIII-1 a -3504,58 -3503,64 -3503,59 -3503,73 10.7 
TS VIII-1 a-b -3504,58 -3503,64 -3503,58 -3503,72 16.6 
TS VIII-1 a-b
[b]
 -3507.7 -3506.76 3506.65 -3506.92 16.6 
H2 -1,15322 -1,14313 -1,13982 -1,15465  
H2
[b]
 -1,15322 -1,14313 -1,13822 -1,15424  
[a] MN12-l / def2-SVP / gasphase [b] MN12-l / def2-TZVP solvent=xylene (PCM); p = 289 atm; T = 443 K. 
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Appendix 
 
Table S-3. Catalyst screening for selective cleavage of 3 (full table).
[a] 
  
 
 
   
Entry Precursor Conversion
[b]
 Yield 
  
 3 a 3 b 3 b‘ 3 c 3 d 3 e 3 f 3 f‘ 3 g 3 h 
  
 [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
1 [Ru(BDEPP)TMM] III-1 
73 28 9 2 7 7 0 4 2 13 28 
2 
[Ru(Triphos)TMM] I-1 64 14 20 7 2 3 2 21 2 6 23 
3 
[H2Ru(Triphos)(CO)] I-3 87 26 15 2 5 3 1 15 4 23 23 
4 
[Ru(Triphos)(OAc)Cl] I-3 45 5 18 9 0 2 0 24 3 2 14 
5 
[H2Ru(Triphos)(CO)] VI-1 84 4 66 8 0 0 0 66 1 0 14 
[a] 0.1 mmol substrate, 5 mol% precursor, 0.5 mL xylene, 4 h, 160 °C. Yields determined by GC using n-
dodecane as internal standard. [b] Conversion given by sum of detected products 3 a, 3 f, 3 g + 3 h. 
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Table S-4. Precursor screening for C-C cleavage of 3 (full table).
[a] 
  
 
 
   
Entry Precursor Conversion
[b]
 Yield 
  
 3 a 3 b 3 b‘ 3 c 3 d 3 e 3 f 3 f‘ 3 g 3 h 
  
 [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
1 [HRu(PPh3)3(CO)Cl] 
63 7 38 16 0 2 0 45 4 2 9 
2 
[H2Ru(PPh3)3(CO)] 67 27 20 3 5 6 2 13 3 14 13 
3 
[HRu(PPh3)3Cl] 70 9 51 3 0 1 0 53 4 3 5 
4 
[Ru(PPh3)3Cl2] 15 2 15 0 0 1 0 13 5 0 0 
5 
[Ru(COD)(methylallyl)2] 61 31 17 3 7 8 3 2 1 12 16 
[a] 0.1 mmol substrate, 5 mol precursor, 5 mol% triphos, 0.5 mL toluene, 4 h, 140 °C. Yields determined by GC 
using n-dodecane as internal standard. [b] Conversion given by sum of detected products 3 a, 3 f, 3 g + 3 h. 
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Table S-5. Ligand screening for C-C cleavage of 3 (full table).
 [a] 
  
   
Entry Precursor Ligand Conversion
[b]
  Yield 
 
 
 
 3 a 3 b 3b’ 3 c 3 d 3 e 3 f 3 f’ 3 g 3 h 
 
 
 
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 
1 [HRu(PPh3)3Cl] Triphos 80 7 64 7 0 2 0 64 4 3 6 
2 [HRu(PPh3)3Cl] - 27 9 8 0 0 5 1 3 3 4 11 
3 [HRu(PPh3)3Cl] dppp 27 9 8 0 1 7 0 6 3 2 7 
4 [HRu(PPh3)3Cl] Xantphos 7 2 2 0 0 1 0 2 0 0 3 
5 [HRu(PPh3)3Cl] BDEPP 53 12 26 5 4 7 0 31 3 2 8 
6 [H2Ru(PPh3)3(CO)] Xantphos 40 25 9 0 11 8 2 6 3 2 7 
[a] 0.1 mmol substrate, 5 mol % [HRu(PPh3)3Cl], 5 mol% ligand, 0.5 mL toluene, 4 h, 140 °C. Precursor/ligand 
solution preheated for 2 h at 140 °C. Yields determined by GC-MS using n-dodecane as internal standard. 
Xantphos = 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene. Triphos = 1,1,1-
Tris(dipehenylphosphinomethyl)ethane. dppe = Diphenylphosphinoethane. dppp = Diphenylphosphinopropane. 
BDEPP = Bis(diphenylphosphinoethyl)phenylphosphine. PP3 = Tris[(2-diphenylphosphino)ethyl]phosphine. [b] 
Conversion given by sum of detected products 3 a, 3 f, 3 g + 3 h. 
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Table S-6. Screening of reaction conditions for C-C cleavage of 3 (full table).
 [a] 
 
Entry Catalyst Additive t 
Conversion
[c]
 
Yield 
 
[Ru] Triphos    [%] 
 
[mol%] [mol%] [mol%]
[b]
 [h] [%] 3 a 3 b 3b’ 3 c 3 d 3 e 3 f 3f’ 3g 3 h 
1 5 5 - 4 83 2 75 8 0 0 0 77 1 0 3 
2 5 10 - 4 84 3 72 12 0 0 0 78 1 0 3 
3 5 15 - 4 83 3 67 14 0 0 1 75 1 1 4 
4 5 5 NH4PF6 (5) 4 22 7 15 2 1 1 2 12 1 1 2 
5 5 5 K2CO3 (20) 4 92 36 9 9 9 4 8 9 0 24 23 
6 5 5 - 2 85 6 69 10 0 0 1 74 3 2 3 
7 5 5 - 1 82 5 69 10 0 0 0 70 4 2 5 
8 2.5 2.5 - 4 90 9 74 14 0 5 0 71 3 2 8 
9 1 1 - 4 68 16 43 11 1 9 1 44 7 3 6 
[a] 0.1 mmol substrate, 0.5 mL xylene, 4 h, 160 °C. [Ru] = [HRu(PPh3)3Cl], Precursor / ligand solution preheated for 
140°C before adding the substrate. Yields determined by GC using n-dodecane as internal standard. [b] Numbers in 
parentheses give additive loading in mol% [c] Conversion given by sum of detected products 3 a, 3 f, 3 g + 3 h. 
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1. The Unique Reactivity of Tripodal Ruthenium Systems 
In the first part of this thesis the development of a versatile hydrogenation catalyst [Ru(Triphos)TMM] I-1 
was achieved, which is able to reduce any carboxylic and carbonic acid derivative as well as carbon 
dioxide. In the second part, tripodal Ruthenium complexes also proved to be suitable catalysts to promote 
selective catalytic bond cleavage in model compounds of the dominant β-O-4 linkage of lignin. This 
activity could then be used to promote catalytic depolymerization of organosolv beechwood lignin. 
It is interesting to note, that in all the transformations investigated in this thesis, tripodal ligands Triphos 
and BDEPP always showed unique activity and selectivity. Taking the results discussed in this thesis into 
account, this can be attributed to certain key features of this ligand system. Firstly, the polydentate and 
rigid coordination mode of these ligands results in a pronounced thermal and chemical stability of the 
corresponding tripodal complexes. This enables energy intensive transformations, which are not possible 
with more labile ligand frameworks. Furthermore this stabilization allows a pronounced flexibility in the 
substitution pattern of the remaining three coordination spaces within the octahedral coordination sphere.  
The rigid backbone of the tripodal ligands enables stabilization of penta-coordinated Ruthenium 
complexes thereby creating an open coordination site for catalysis. Incidentally, all catalytically relevant 
species observed in this thesis exhibited this general five-coordinated lead structure (see scheme 1). 
 
Scheme 1. Tripodal Ruthenium complexes as active species in the transformation investigated in this thesis. 
As shown in scheme 1, the active dihydride complex I-2 exhibits the mentioned penta coordinated 
structure, where the open coordination space can be filled with substrate (S). Likewise, diphenolato 
complex III-2 exhibits a trigonal bipyramidal coordination mode, which allows straightforward 
coordination of substrate to form an octahedral coordination geometry. The same holds true for cationic 
substrate complex VIII-1, which exhibits a free coordination space enabling the catalytic turnover. 
Furthermore in these coordination geometries the phosphine atoms of the tripodal ligands can have a 
strong “trans effect” on other substituents and therefore activate them for catalytic transformations.[1]  
In line with these conclusions, Triphos pioneer C. Bianchini observed in his review on Triphos governed 
transition metal catalysis from 1992: “Surveying the results herein presented, one may readily infer that the 
tripodal polyphosphine-control element is so effective that the combined bulk of the ligand-metal 
assembly and substrate, in most instances, operates to exclude alternatives so that one reaction path is 
specifically favored.”[2] This is also mirrored in the here-in presented results, as indicated by the 
distinguished selectivity of the present catalytic systems. However, this is only a part of the picture. While 
the tripodal ligands form the rigid and defined backbone of the respective complexes, the selectivity is 
mainly governed by the remaining substituents. For example, the versatile access to the neutral or cationic 
hydride species in the hydrogenation studies is governed by the trimethylenemethane (TMM) substituent. 
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Another example is the control of the C-O vs. C-C bond cleavage selectivity in the cleavage of dilignol 
model compound 3, which changes completely by replacing one H substituent with a Cl substituent. 
In summary, the combination of the rigid tripodal framework with the reactivity of Ruthenium yields 
powerful catalytic systems for multi-step hydrogenolysis/hydrogen transfer reactions of challenging 
substrates. 
 
2. Impact of the Results and Future Directions 
The developed versatile hydrogenation catalyst [Ru(Triphos)TMM] I-1 is a valuable addition to the 
portfolio of hydrogenation catalysis. Especially the direct conversion of carbon dioxide to methanol[3] and 
the use of CO2 as a C1 building block[4] will have a significant impact on the implementation of carbon 
dioxide as feedstock for the production of chemicals and fuels.[5] Furthermore the mechanistic 
understanding gathered in this thesis enables a straightforward optimization to afford catalytic efficiency 
of industrial relevance. Given the broad substrate scope, this catalytic system could therefore be an 
attractive candidate for industrial use.  
On the other hand, the novel cleavage catalysts developed on the basis of β-O-4 linkage model 
compounds are an important step on the way to a chemical valorization of lignin. In this regard, the 
combination of [Ru(BDEPP)TMM] III-1 and heterogeneous Raney Ni has emphasized the potential of 
multi-catalyst approaches. 
Beyond the focus of lignin depolymerization a novel catalytic C-C cleavage of 1,3-diols was found during 
the catalyst development studies. On one hand, this is a valuable fundamental addition to the field of C-C 
bond activation[6] and on the other hand the observed reactivity could have a further impact in the 
conversion of other renewable polyols such as glycerol.[7] 
Building on these findings, three general conceptual challenges are to be tackled next on the pathway of 
catalytic valorization of renewables and carbon dioxide. 
Firstly, the discussed merits of the Triphos ligand system need to be transferred to cheap and earth 
abundant first row metals such as iron and cobalt, in order not to rely on ruthenium.[8] Here the developed 
Ruthenium complexes could serve as lead structures to synthesize similar Iron and Cobalt complexes. The 
potential of this approach has already been shown for the catalytic hydrogenation system. 
Secondly, future efforts should be directed towards further development of the concept of combining 
homogeneous and heterogeneous catalysts. In order to maximize the synergetic effect, observed in the 
lignin depolymerization studies, an incorporation of both components into a one-pot system would be 
desirable. The initial fundamental obstacle is to synthesize homogeneous complexes, which are stable 
under reducing conditions in presence of a heterogeneous catalyst such as Raney Nickel. 
Finally, the broad substrate scope of [Ru(Triphos)TMM] I-1 make it an attractive candidate to immobilize 
for a continuous set-up. In this regard, an interesting approach would be the design of a surface bound 
[Ru(Triphos)TMM] system as reported for Ruthenium metathesis catalyst by Copéret.[9] 
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